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Sexual conflict and the mating systems of simultaneously

hermaphroditic gastropods

Janet L. Leonard*

Department of Zoology, University of Oklahoma, Norman, Oklahoma 73019, U. S. A.

Abstract. Here I review the predictions, for hermaphroditic gastropods, of recent developments in mating systems and sexual conflict theory. Sexual

conflict theory predicts that hermaphrodites should have a species-specific preferred sexual role. The Hermaphrodite's Dilemma model explores the conse-

quences of this and predicts that all hermaphrodite mating systems should be based on reciprocity with cheating in a preferred role. Traditional models based

on Bateman's principle predict that the male role will be preferred. Experimental and observational evidence from Navanax inermis (Cooper) indicate that

the female role is preferred, contrary to predictions from Bateman's principle, and that the mating system is based on sperm-trading which serves to enforce

reciprocation, preventing individuals from specializing in the female sexual role. Comparison of Navanax to other hermaphrodites suggests that the preferred

sexual role is that which offers control of fertilization. This, the gamete-trading model, predicts that all hermaphroditic gastropods with sperm storage and

a gametolytic gland should demonstrate a preference for the female role and a mating system based on sperm trading. This model and the Hermaphrodite's

Dilemma model of strategies in a situation of sexual conflict make specific predictions about the behavior of hermaphroditic gastropods. The available literature

on opisthobranchs and pulmonates suggests several interesting tests of these models but the available data are insufficient to support or refute the predictions.

The mating systems of euthyneuran gastropods require investigation from the standpoint of modern mating systems theory.

Recent progress in understanding the evolution of

species-typical reproductive behaviors stems largely from the

analysis of mating systems in terms of a conflict of interests

between the sexes (Orians, 1969; Trivers, 1972; Emlen and

Oring, 1977; Parker, 1979; Hammerstein and Parker, 1987).

Because such sexual conflict is assumed to be a product of

the differential selective pressures associated with reproduc-

tion through sperm versus reproduction through eggs (Parker,

1979), it should exist in all anisogamous organisms (Bateman,

1948). Although work in this field (despite Ghiselin, 1974;

Williams, 1975) has concentrated on a small number of taxa

(largely vertebrates and insects), almost all of which have

separate sexes, there has been increasing interest in the role

of sexual conflict and/or sexual selection in the mating systems

of a wider array of organisms, such as plants, including

hermaphroditic forms (Willson and Burley, 1983; Bronstein,

1988; Galen and Rotenberry, 1988; Nakamura and Stanton,

1989) and some animals with sequential hermaphroditism

(primarily fish, see Charnov, 1982, 1986; Shapiro and

Boulon, 1982; Warner, 1982; Warner and Lejeune, 1985) and

more recently simultaneous hermaphroditism (e.g. serranid

fishes; Fischer, 1980, 1984; Fischer and Petersen, 1987; and

the polychaete, Ophyotrocha; Berglund, 1985; Sella, 1985,

1988).

Extension of the analysis of sexual conflict to a diverse

array of taxa and modes of sexuality is important for two

*Address correspondence to: Mark O. Hatfield Marine Science Center,

Oregon State University, Newport, Oregon 97365, U. S. A.

reasons: 1) it could provide new and useful insights into the

biology and evolutionary ecology of taxa of interest; 2) by

examining the mating systems of a diverse array of organisms

in terms of sexual conflict and/or sexual selection, we should

be able to identify useful systems for testing some of the

assumptions and predictions of modern mating systems

theory.

The gastropods are particularly interesting in this

respect because they offer: 1) a diverse array of sexual systems

and reproductive strategies; 2) a variety of very complex

reproductive behaviors; 3) complex genitalia, the anatomy

of which is important taxonomically in many groups. Where

genital anatomy is varied sufficiently to be a useful taxonomic

character at the levels of genus, subgenus and species, as in

some groups of gastropods (Mead, 1943; Rudman, 1974;

Gilbertson, 1989; Patterson, 1989), sexual selection is likely

to have been important (Eberhard, 1985). Similarly, where

there are elaborate forms of courtship and copulatory

behavior, and particularly where there is significant diversi-

ty within a taxonomic group, one predicts that sexual con-

flict and/or sexual selection has been important as a selec-

tive force.

In this paper, I 1) present predictions as to the types

of sexual behavior and mating systems expected for her-

maphroditic gastropods if sexual conflict is important and

2) discuss a few well-known sexual phenomena in the two

predominantly hermaphroditic subclasses of gastropods

(Opisthobranchia and Pulmonata) in light of predictions of
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recent models based on the assumption of sexual conflict.

These two subclasses, collectively (loosely) termed the

euthyneuran gastropods, are predominantly outcrossing

simultaneous hermaphrodites. Hermaphroditic species offer

exciting opportunities to test: 1) the hypothesis that sexual

conflict exists (Leonard, 1990), because as Parker (1979) has

pointed out, sexual conflict has been widely assumed but there

is little evidence that it exists; 2) alternate hypotheses as to

the source and nature of sexual conflict (Leonard and

Lukowiak, 1991).

SEXUALCONFLICT

SEXUALCONFLICT ANDHERMAPHRODITE
MATING SYSTEMS

Sexual conflict is a conflict of interests between the

two parties to a mating encounter such that one individual

has more to gain (less to lose) by mating than the other does.

The idea of sexual conflict is based on the commonobserva-

tion that among many species of animals, males are "eager"

to mate with virtually any available female, to the extent of

risking death and/or serious injury in fighting other males

for access to females, whereas females are "coy". This

phenomenon, which Darwin (1874) considered paradoxical,

is usually explained by Bateman's (1948) principle, i.e. that

males are more eager to fertilize eggs than females are to get

their eggs fertilized because the fitness of females is limited

by the resources available for egg production, whereas the

fitness of males is only limited by the availability of females.

For a simultaneous hermaphrodite, sexual conflict

arises if and when there is more to be gained from mating

in one sexual role than in the other. In the population as a

whole, reproductive success through eggs must exactly equal

reproductive success through sperm (R. A. Fisher, 1958).

However, the distribution of reproductive success across the

population could well differ for sperm and eggs (i.e. the

variances differ, see Charnov, 1979). When this is the case,

there is a potential asymmetry in the pay-offs of the two sex-

ual roles to an individual, particularly in a single encounter,

and an individual's overall fitness (its reproductive success

relative to the rest of the population) will depend in part on

how it divides its reproductive effort (or reproductive oppor-

tunities) between the two sexual roles. That is, an individual

which specializes (differs from the population average of

50:50 reproduction through sperm versus eggs) in one of the

roles (that which is less costly in terms of energy expenditure,

mating time, risk, etc., see below) could be able to achieve

greater than average fitness. This means of course that other

individuals in the population will find themselves specializ-

ing inadvertently in the more costly role, which should result

in below average fitness.

Charnov (1979:2482) discussed the implications of

Bateman's principle for pair-mating hermaphroditic animals,

including gastropods, and recognized that, in simultaneous

hermaphrodites; "There must often be a conflict of interest

between mating partners —as a recipient each should be in-

clined to accept sperm (not necessarily for fertilization of its

own eggs) in order to give its sperm away. As a donor, one

should be selected to induce one's partner to use the new
sperm in fertilization". He went on to suggest that both the

complicated reproductive anatomy and the elaborate

precopulatory behaviors of animals such as gastropods "are

explicable when one realizes that the interests of the part-

ners are often in conflict". In hermaphrodites this sexual con-

flict is direct, in that each individual is in direct competition

with all other individuals, including its mate, for fitness. On
the other hand in dioecious species sexual conflict (with the

exception of conflict over parental care) is an epiphenomenon

of intrasexual competition (Hammerstein and Parker, 1987).

Thus, in simultaneous hermaphrodites sexual conflict

should lead to the evolution of a preference for mating in a

particular sexual role, a preference that will be shared by all

individuals of the species. If all individuals prefer the same

role, the interests of two individuals meeting for a mating

encounter will be in direct conflict. In hermaphrodites, each

mating encounter could be expected to involve competition

between members of the pair for the preferred role. Mating

systems in hermaphrodites should reflect or represent a

resolution of, this competiton for the preferred role (Leonard,

1990, unpub. data; see also below).

THE ORIGIN OF SEXUALCONFLICT
If sexual conflict exists, the preferred sexual role will

be consistent within a species, since the term implies an in-

herent advantage to one sexual role, but the favored role could

vary between species, depending on the source of sexual con-

flict. Charnov based his arguments (Charnov, 1979, 1982) on

the explicit assumption of Bateman's principle, i.e. that male

fecundity is limited by access to eggs while female fecundity

is not limited by sperm availability. While Bateman's princi-

ple is the most widely accepted explanation of sexual con-

flict, there are two general types of alternative explanation:

mating time or rate (Bay lis, 1981; Sutherland, 1986); and con-

trol of fertilization or risk (Alexander and Borgia, 1979;

Leonard and Lukowiak, 1984, 1985, 1991). The first of these,

the rate hypothesis, argues that a discrepancy between males

and females in the minimum interval between matings, could

be a source of sexual conflict. That is, if after a mating en-

counter, one sex (say the female) must spend a prolonged

period in yolking up eggs, or some form of parental care

(gestation, brooding, etc.) before being able to increase her

fitness by a second mating encounter, whereas the male can

inseminate many females in that same time period then one

could expect the female to be "coy" and the male, "eager",

even in the absence of differential energy expenditure. For

a discussion of how mating rate can favor the evolution of
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male parental care see Baylis (1981).

The second type of hypothesis is based on the idea that

the important dichotomy between reproducing through eggs

and reproducing through sperm may not be differential costs

in a fixed currency (such as energy or time) but rather a dif-

ferential probability that the investment that is made will pay

off in the form of zygotes. If gamete production involves use

of an exhaustible resource, then in economic terminology,

optimal depletion of that resource (i.e. depletion which max-

imizes profit) must be based not only on accounting costs

(the energy, time, etc. required for a particular type of

reproductive act) but also the opportunity cost (that is the

cost of a reproductive act now must include the value of that

act if it were made at some future date, or the pay-off that

could have been achieved from the other role, etc.)

(Nicholson, 1978; A. C. Fisher, 1981). Alexander and Borgia

(1979) suggested that an important difference between the

sexes could be the extent to which control is exerted over the

fate of the gametes that they produce. Alexander and Borgia

(1979) argued that females, in general, produce fewer gametes

not because they are limited by energy availability but rather

because they invest more in "following-up" on that gamete,

insuring that it will be fertilized. That is, one can think of

females as adopting a "risk- averse" reproductive strategy

whereas males have a "risk-prone" reproductive strategy.

This type of model has some interesting implications for

hermaphrodites.

The unique feature of hermaphrodite sexual strategies

is obviously the opportunity to choose between reproduction

through eggs or sperm. If, as is required for sexual conflict,

the variances of these two types of strategy differ, which

should be preferred, the high variance strategy or the low

variance strategy? Extension of Bateman's principle to

hermaphrodites (Bateman, 1948; Charnov, 1979) suggests that

the male role (the high variance strategy) will be preferred

(see above). However, Gillespie (1977) has demonstrated that

where two genotypes yield equal average offspring number,

but have unequal variances, the one with the lower variance

will offer a fitness advantage. This suggests that given an op-

portunity to choose between a high and a low variance

reproductive strategy, selection would favor the individual that

opted for the low variance strategy (Leonard and Lukowiak,

1991). In Gillespie's (1977: 1012) words, "the addition of a

stochastic element to the offspring number of a genotype will

effectively lower the fitness of that genotype as measured by

its mean frequency in the next generation". A practical

problem in using Gillespie's principle to predict the favored

sexual role for a hermaphroditic species is that we have little

empirical evidence as to the relative variances of offspring

production through male versus female function. In general,

however, male reproductive success has been assumed to have

the greater variance. Under this assumption, predictions from

Gillespie's principle would be very different than those from

Bateman's principle.

The gamete-trading model (Leonard and Lukowiak,

1984, 1985), developed from a comparison of the mating

systems of the aglajid opisthobranch, Navanax inermis

(Cooper) (Leonard and Lukowiak, 1984, 1985) (for discus-

sion of the validity of the genus see Rudman, 1974; Gosliner,

1980), and a serranid fish (Fischer, 1980), is based on the

premise that the preferred role for a simultaneous hermaphro-

dite will be the one that controls fertilization, i.e. is the last

to make an irrevocable commitment of gametes. The sexual

role that controls fertilization affords the greatest certainty

that the investment made will result in zygotes. That is, the

preferred role will have the greatest certainty of parenthood.

Considered from the standpoint of selection if two reproduc-

tive options will have the same mean pay-off but one is less

risky than the other, an individual with limited resources to

invest will do better to play it safe (Gillespie, 1977; Philippi

and Seger, 1989).

Such competing hypotheses as to the source of sexual

conflict can be tested in hermaphrodites by finding species

for which two of the hypotheses make opposite predictions

as to the sexual role that should be favored and then deter-

mining which role is in fact preferred. For example, ex-

perimental studies designed to test the conflicting hypotheses

that in Navanax inermis, the male role is preferred as would

be expected from Bateman's principle and the egg-trading

model (Fischer, 1980; see discussion in Leonard and

Lukowiak, 1991), versus the conflicting hypothesis that the

female role is preferred (based on the gamete-trading model),

indicate a preference for the female role (Leonard and

Lukowiak, 1991). In this way, the debate over the factors

responsible for sexual conflict can be moved from a

theoretical level to an experimental one.

DOESSEXUALCONFLICT SHAPE
MATINGSYSTEMS?

The question of the importance of sexual conflict in

shaping mating systems could be best answered by compara-

tive studies. That is, we need to decide whether the mating

systems observed in simultaneous hermaphrodites conform to

what would be expected if sexual conflict were important.

A model in the form of a game of strategy, termed Hermaph-

rodite's Dilemma, has been developed to analyze the situa-

tion that arises given a conflict of interest between two

simultaneous hermaphrodites in a mating encounter (Leonard,

1990). This model can provide qualitative predictions as to

the type of behavior and mating system to be expected under

a variety of conditions.

HERMAPHRODITE'SDILEMMA

Briefly, Hermaphrodite's Dilemma is a two-person.
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non-zero-sum, conditional game of strategy; the available

decisions are: 1) to offer to assume both roles in a mating

encounter (the cooperate decision), or 2) to mate only in the

preferred sexual role and then desert without allowing the

partner to mate in the preferred sexual role (the defect deci-

sion). Assuming that both players are, being simultaneous

hermaphrodites, prepared to mate in both roles at all times,

and that there is an advantage to mating in one role, an in-

dividual ought to be willing to assume that role in any and

all encounters. Therefore, its decision in a mating encounter

is not whether or not to mate in the preferred role, but whether

or not it should also mate in the non-preferred role. The model

predicts that the best strategy over a wide variety of condi-

tions will be one that combines cooperating (reciprocation)

most of the time, with a certain low level of defection (
=

cheating), which could or could not be contingent on the part-

ner's prior behavior, depending on circumstances [i.e. w, the

probability of encountering a partner again, (Axelrod and

Hamilton, 1981), and whether the pay-off matrix corresponds

to Prisoner's Dilemma or Chicken]. That is, given sexual con-

flict, the mating system of simultaneous hermaphrodites

should be based on reciprocation, with cheating in a species-

typical preferred sexual role occurring at a relatively low

frequency, and the existence of mechanisms to reduce

vulnerability to cheaters (Leonard, 1990).

Furthermore, the model suggests that mechanisms

should exist to prevent cheating and/or "punish" cheaters.

Although the arguments developed here should apply to all

hermaphroditic gastropods, the discussion will focus on the

pulmonate and opisthobranch (lumped here as "euthy-

neuran") gastropods because they offer a wide array of forms

of (often bizarre) reproductive behavior [communal parental

care (Rose and Hoegh-Guldberg, 1982), hypodermic copula-

tion (Rivest, 1984), chain copulation (Aplysia and other

species), and elaborate and bizarre forms of courtship (Helix,

Limax and some other stylommatophorans)] that have been

little studied. Even the familiar cases (i.e. Helix, Limax,

Aplysia) have not been studied in light of modern mating

systems theory. The analysis presented here suggests new in-

terpretations of familiar phenomena in gastropod biology and

proposes tests of important assumptions and predictions of

mating system theory using comparative and experimental

studies of these gastropods.

The Hermaphrodite's Dilemma model predicts that

where unilateral copulation is the rule, 1) mechanisms for

enforcing reciprocation exist [such mechanisms could include

explicit alternation of sexual roles, such as that described for

Navanax (Leonard and Lukowiak, 1984, 1985)], 2) effective

reciprocity is achieved by random mating within a small

mating group [there is some evidence to suggest that Aplysia

californica Cooper form small, relatively stable mating

clusters (Kupfermann and Carew, 1974)], or 3) willingness

to copulate in the less preferred role is maintained by the con-

ditions of the Chicken matrix (Riechert and Hammerstein,

1983). For example, Lymnaea stagnalis (L.) are always ready

to copulate as females, the preferred role according to the

gamete-trading model, but become willing to copulate as

males after periods of isolation (v. Duivenboden and ter Maat,

1985). Alternatively, if the mating system were not based on

reciprocation, one would expect to see aggressive attempts

to force copulation by individuals acting in the favored sex-

ual role, with the victim attempting to avoid copulation and/or

to retaliate by assuming the favored role, as could be the case

in some leeches (Leonard, unpub. data).

The problem faced by a pair of simultaneous her-

maphrodites in a mating encounter differs from that described

in the classical Prisoner's Dilemma (Luce and Raiffa, 1957;

Davis, 1983) or in the formal Hermaphrodite's Dilemma
model (Leonard, 1990) in that a player has information about

the decision made by its partner, and in general, one player

will have to make the first move. One possible tactic in this

situation would be the "Quick-Draw" approach; making the

first move and assuming the preferred role, leaving the part-

ner to either assume the non-preferred role or pass up the

chance to mate. If the partner agreed to assume the non-

preferred role, it would be possible for the initiator to either

"cheat" (by leaving without reciprocating) or to reciprocate,

by offering to mate in the non-preferred role also. This type

of tactic could result in the evolution of either 1) "Hit-and-

Run" mating encounters, such as those of some leeches (see

above), or 2) insistence by the party of the second part on

strong assurance that the initiator will reciprocate, before the

party of the second part assumes the non-preferred sexual

role. The simultaneous reciprocal copulation found in many

nudibranch and stylommatophoran gastropods and clitellate

annelids (earthworms and some leeches) could have evolved

in this way.

In species in which mating is not (or cannot be)

simultaneously reciprocal, an individual pursuing a strategy

such as Tit-for-Tat should advertise its willingness to

reciprocate, in order to attract potential partners or to avoid

rejection by a partner that it has located. Assuming the non-

preferred sexual role in the first mating would be a way of

accomplishing this. For such a tactic to be successful, there

would have to be some protection against "cheating" by the

partner. Such tactics appear to be employed as part of a Tit-

for-Tat strategy in the mating systems of certain serranid fishes

(Fischer, 1980, 1984) and at least one opisthobranch gastro-

pod, Navanax inermis (Leonard and Lukowiak, 1984, 1984,

1991).

EUTHYNEURANGASTROPODS

GENERALREPRODUCTIVEBIOLOGY
(for review see Tompa et al. , 1984)

All but a very few species of the euthyneuran (Sub-
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classes Opisthobranchia and Pulmonata) gastropods are

simultaneously hermaphroditic. Among euthyneuran groups,

gonochorism is common only in the opisthobranch order

Acochlidioidea (Hadfield and Switzer-Dunlap, 1984; but see

Wawra, 1988). While many authors refer to protandry in these

taxa, this usually means only that histological investigations

show mature sperm present before eggs have matured. For

example, in Limacina, an opisthobranch considered to be pro-

tandrous, copulation appears to be simultaneously reciprocal

between mature males (Lalli and Wells, 1978; other examples

in Hadfield and Switzer-Dunlap, 1984). This usage has been

common in the molluscan literature since at least the end of

the last century (e.g. Pelseneer, 1895). Storage of allosperm

(and often autosperm) is common and individuals could

receive sperm which they will later use to fertilize eggs, long

before eggs have been formed in the ovotestis. True sequen-

tial hermaphroditism, in which an individual is purely a

sperm donor at one stage of its life and only a sperm recip-

ient at another, is rare, if it in fact exists, in euthyneuran snails

(Geraerts and Joose, 1984; Hadfield and Switzer-Dunlap,

1984; Tompa, 1984), although it is not uncommon in the

prosobranch gastropods. One must be cautious, therefore, in

interpreting references to functional protandry (see discus-

sion in Ghiselin, 1965).

Reproduction through true parthenogenesis (probably

automitic) has been reported for one stylommatophoran slug

(Hoffmann, 1983; see also discussion in Tompa, 1984).

Although the capacity for self-fertilization is not uncommon
in pulmonates, and apparently exists in a few opisthobranchs

(Hadfield and Switzer-Dunlap, 1984), cross-fertilization is

the rule and the vast majority of euthyneuran gastropods act

as simultaneous hermaphrodites throughout their reproduc-

tive lives.

The anatomy of the reproductive system of euthyneuran

gastropods can be summarized as very complex, highly

diverse, and taxonomically valuable at the species level. As

Eberhard (1985) pointed out, these characteristics are in-

dicative of rapid evolution, probably as a result of sexual

selection. This, in turn, suggests that these gastropods should

be characterized by diverse, complex and fascinating sexual

behavior and mating systems. Unfortunately, our under-

standing of the reproductive biology of these gastropods is

very scanty. For most species only the gross anatomy of the

genitalia has been described; less is known at the histological

level, and there have been relatively few studies that have

looked directly at the physiology of various parts of the

reproductive tracts. In many cases it is difficult to imagine

how the genitalia would look when everted and how the

various parts would fit together during copulation (see Reeder,

1986). Also, most of the available information on sexual

behavior consists of casual or anecdotal observations.

In terms of sexual behavior, euthyneuran gastropods

can be divided into three groups; those in which copulation

is normally simultaneously reciprocal, those in which it is

unilateral, and those in which copulation is unilateral and

chains of copulating individuals occur commonly. As a broad

genralization, simultaneous reciprocal copulation occurs in

taxonomic groups in which the penis and common genital

aperture (= vaginal pore) are close together on the body,

while unilateral copulation is typical of taxonomic groups in

which these structures are widely separated. Speaking again

very generally, one can say that simultaneous reciprocal

copulation is characteristic of the stylommatophoran

pulmonates (exceptions include Stenotrema, Webb, 1948),

whereas the basommatophorans have unilateral, and

sometimes chain, copulation (Geraerts and Joose, 1984;

Tompa, 1984). Among the opisthobranchs, simultaneous

reciprocal copulation (and/or sperm transfer) is found in most

of the nudibranchs, notaspideans, saccoglossans and

pteropods, whereas unilateral and/or chain copulation (or

sperm transfer) is more common in cephalaspideans, anaspi-

deans, pyramidelloideans and acochlidioideans (Hadfield and

Switzer-Dunlap, 1984). True copulation is the general mode
of sperm transfer in euthyneuran gastropods, but hypodermic

insemination and aphallic spermatophore transfer have

evolved several times among opisthobranchs (Hadfield and

Switzer-Dunlap, 1984). Some land slugs deposit sperm on

the tip of the partner's penis (Gerhardt, 1933; Tompa, 1984).

Aphallic sperm transfer apparently occurs in some basom-

matophorans (Geraerts and Joose, 1984). In the nudibranch

Aeolidia sperm are deposited on the outer surface of the

female gonopore (Longley and Longley, 1984).

OPPORTUNITYFORSPERMCOMPETITION

SPERMSTORAGE
Although the functions of the myriad organs of

gastropod reproductive systems are poorly understood, one

can say that both opisthobranchs and pulmonates typically

have organs for storage of allosperm and there is some

evidence that allosperm could require a period of residence

in the sperm storage organ before becoming competent to fer-

tilize eggs (Hadfield and Switzer-Dunlap, 1984). The period

of residence in the sperm storage organ is uncertain for most

species. Hadfield and Switzer-Dunlap (1984) reported that

while some opisthobranchs show a close association between

copulation and egg laying, with egg laying following copula-

tions at a fairly predictable interval, this is not always the

case. Individuals could copulate many times without spawn-

ing. One Navanax inermis, under laboratory conditions,

copulated 24 times in the female role before laying an egg

mass (Leonard and Lukowiak, 1985). The record for the

number of egg masses laid between copulations is apparent-

ly still held by an Aplysia californica taken to Woods Hole,

Massachusetts, and held in isolation by MacGinitie (1934).

That individual laid eggs for more than four months and the
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first 15 egg masses were fertile, demonstrating that Aplysia

can store sperm for at least two and one-half months and that

the sperm storage organ can hold enough sperm to fertilize

at least 15 egg masses.

In Navanax, one isolated individual laid nine egg

masses over the course of a month. The first five egg masses

developed normally; the last four were inviable. After being

allowed to copulate again (once as a female and once as a

male) it laid two egg masses. The first, a small inviable one,

was laid within 24 hours of copulation and a large viable egg

mass was laid 24 hours later. No further eggs were laid

although the individual was maintained in the laboratory for

another month (Leonard, unpub. data). In one case, a

Navanax laid a fertile egg mass after 32 days of isolation

(Leonard and Lukowiak, 1985). In Navanax both the

frequency and size of egg masses vary, and this could reflect

size of the animal, food availability and/or sperm stores

(Leonard, unpub. data). In isolated Hennissenda crassicornis

(Escholtz), an aeolid nudibranch, Rutowski (1983) reported

that some individuals produced as many as eight egg masses

that were at least partially fertile. He reported that

Hennissenda isolated upon collection produced an average

of 3.7 ±2.5 fertile egg masses within 24 days. He reported

20 days as the longest interval between fertile egg masses but

did not indicate how long sperm can be stored after a copula-

tion. In that study, sperm-deleted animals laid egg masses

approximately three days after receiving an intromission.

Another aeolid, Phestilla melanobranchia Bergh, can lay an

average of 1.5 fertile egg masses per day for two weeks before

depleting the sperm received in a single mating (Harris,

1975).

The possibility of self-fertilization complicates analysis

of the relationship between egg laying and copulation in both

basommatophoran and stylommatophoran pulmonates. In at

least two species of the basommatophoran Lymnaea, egg lay-

ing begins sooner in mated than in isolated individuals

(Horstmann, 1955; Boray, 1964; van Duivenboden, 1983,

1984). Horstmann (1955) established that this effect was

mediated by the presence of allosperm in the gametolytic

gland. However, van Duivenboden (1984) reported Lymnaea

raised in groups laid fewer eggs than did isolated individuals.

NUMBEROF MATES
There are at least two reports of apparent monogamy

in opisthobranchs. Lalli and Wells (1978: 103) concluded,

from anatomical evidence, that in the pelagic pteropod

Limacina inflata (d'Orbigny) a spermatophore is formed from

the prostate gland which must be reciprocally transferred to

a partner, because "all L. inflata of the proper size have either

a well-developed prostate gland or a spermatophore received

from another individual, but never both structures". Since

this species is anatomically protandrous, an individual

presumably mates only once in its lifetime. A different type

of monogamy, involving iteroparity, has been reported from

aeolid nudibranchs of the genus Phestilla. Rudman (1981: 408)

reported that for two species from Tanzania, "At a very early

stage individuals would pair with another individual of the

same species and they would remain nestled together for their

whole lifespan, except when egg-laying or feeding." In-

dividual mature Phestilla deposit one or two egg masses per

day for several weeks (Harris, 1975). However, as Hadfield

and Switzer-Dunlap (1984) suggested, in most opisthobranch

species individuals probably mate with a number of different

individuals over their lifespan.

Tompa (1984) considered that multiple mating is pro-

bably the rule for stylommatophorans and cited evidence from

Cepaea nemoralis (L.) (Murray, 1964) that an average brood

is sired by two individuals and that 10-20 spermatophores have

been found in an individual. Lind (1988) concluded that sperm

competition will often occur in Helix pomatia L. under field

conditions. Multiple paternity has also been reported for

basommatophorans (Mulvey and Vrijenhoek, 1981; Monteiro

et ai, 1984; Rudolph and Bailey, 1985). In summary, the

available information, while scanty, suggests that while

various types of monogamy can occur, most euthyneuran

gastropods mate with several sexual partners over their lives

and that there is considerable potential for sperm competi-

tion and multiple paternity of egg masses. Furthermore, the

ability to store sperm for long periods of time can create

special problems relative to certainty of paternity. Studies of

gastropod reproductive anatomy and physiology from the

standpoint of sexual selection and/or sexual conflict acting

through sperm competition may shed light on both the func-

tion of gastropod reproductive tracts and the evolutionary

biology and speciation of gastropods.

PREDICTIONS FROMTHEORY

As stated above, the Hermaphrodite's Dilemma model

predicts that the mating systems of simultaneous her-

maphrodites, including gastropods should a) be based on

reciprocity and b) involve a detectable level of "cheating"

in a favored role. In some euthyneuran gastropods, reciprocity

in the mating system is obvious and here the novel prediction

is that of "cheating" in a favored role. In other groups

reciprocity is not obvious or not known and thus is, in and

of itself, a strong prediction of the model. A further problem

is to predict which sexual role will be preferred. Bateman's

principle and the egg-trading model of hermaphrodite mating

systems (Charnov, 1979; Fischer, 1980; see also discussion

in Leonard and Lukowiak, 1991) predict that the male role

will be preferred except where the male contributes something

other than sperm to the mating (i.e. parental care, a nutri-

tional investment, etc.) which makes male parental invest-

ment larger than female parental investment. Because one

cannot determine which investment is larger a priori, I
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assume here, for the sake of simplicity, that the egg-trading

model consistently predicts a preference for the male role.

The gamete-trading model (Leonard and Lukowiak, 1984,

1985) predicts that where the female controls fertilization the

mating system will be based on sperm trading. That is, the

female role will be preferred in general in euthyneuran

gastropods, and that exceptions should be found in those

species that lack a gametolytic gland and/or sperm storage.

Thus, for most species of euthyneuran gastropod the egg-

trading model predicts a preference for the male role and the

gamete-trading model predicts a preference for the female

roles. Specific predictions and tests of these models are

discussed below.

CASESTUDIES OF MATINGSYSTEMS

NAVANAXINERMIS ANDSPERM-TRADING

There has been some progress in the analysis of sex-

ual conflict in one of the unilaterally copulating opistho-

branchs, Navanax inermis (Leonard and Lukowiak, 1984,

1985, 1987a, 1991), which has served as the stimulus for

development of the gamete-trading and Hermaphrodite's

Dilemma models. The mating system of Navanax is based

on reciprocation in that pairs of individuals actively alter-

nate sexual roles over a series of copulations. This mating

system is analogous in many respects to that of the egg-trading

serranid fishes (Leonard and Lukowiak, 1984, 1985; Leonard,

unpub. data), in that two individuals remain together for a

series of copulations but there is no long-term pair bond. The

major difference is that in serranids the male role is preferred

as predicted by Bateman's principle (Fischer, 1980; Leonard,

unpub. data). In Navanax, both qualitative observations

(Leonard and Lukowiak, 1984, 1985) and experimental tests

(Leonard and Lukowiak, 1991) indicate that it is female, rather

than the male, sexual role that is preferred. The preference

for the female sexual role in Navanax has been hypothesized

to be a consequence of female control of fertilization (Leonard

and Lukowiak, 1984, 1985, 1991).

In Navanax, as in most euthyneuran gastropods

(Pruvot-Fol, 1961; Tompa, 1984; Geraerts and Joosse, 1984;

Hadfield and Switzer-Dunlap, 1984), there is both a sperm

storage organ and a gametolytic gland (Rudman, 1974), and

ovulation is not tied to copulation. Consequently, sperm

transferred to a partner could be "wasted" in that they could

be digested rather than stored, and if stored they could or

could not be used for fertilization while they (the sperm) are

still viable. In the serranids, on the other hand, female court-

ship displays are closely tied to ovulation and the "male"

has reliable information as to the onset and duration of

spawning (Fischer, 1980). Therefore, the "male" has greater

control over the fate of its gametes than does the "female,"

and this could be generally true of externally-fertilizing fishes

(Alexander and Borgia, 1979). The gamete-trading model

predicts that simultaneous hermaphrodites will prefer the sex-

ual role that offers control of fertilization (Leonard and

Lukowiak, 1984, 1985, 1991). Therefore, the female role

should be preferred in most euthyneuran gastropods (Leonard

and Lukowiak, 1985).

The mating system of Navanax, termed sperm-trading,

represents a mirror image of the egg-trading system. In

Navanax a sexual encounter is initiated by an individual track-

ing down, courting and copulating in the male role (indicating

willingness to reciprocate by starting out in the less-preferred

sexual role). The available evidence suggests that males main-

tain intromission until the partner reciprocates (Leonard and

Lukowiak, 1984, 1985, 1987a, 1991). This could serve to en-

force reciprocation by preventing the partner from mating

again as a female before serving as a male to its current part-

ner. The (indirect) evidence that "cheating" occurs in

Navanax is twofold: 1) reciprocation does not always occur,

and 2) the complexity and variability of behavior observed

during alternation of sexual roles suggests that cheating at-

tempts may be occurring at this time (Leonard and Lukowiak,

1985, 1987a). In Navanax, sperm transfer is not directly ob-

servable and at present there is no evidence as to whether

or not "subtle cheating" (Trivers, 1971) in the form of failures

to transfer sperm during a copulation, or the transfer of sub-

standard quantities of sperm, is occurring.

BIOMPHALARIA ANDSPERM-SHARING
Evidence for what could represent a type of "subtle,"

probably even "victimless" cheating on a sperm-trading

mating system, does exist in planorbid basommatophoran

pulmonates of the genus Biomphalaria . Using genetic

markers, Monteiro et al. (1984) demonstrated that Biom-

phalaria copulating as males sometimes transfer, to a female

partner, sperm that they have received from a previous part-

ner. That is, a snail copulating as a male may inseminate its

partner with allosperm instead of, or along with, autosperm.

This phenomenon appeared paradoxical at first glance

because Bateman's principle can not explain how an in-

dividual would benefit by distributing someone else's sperm.

The most probable functional explanation of this phenomenon

is that it is a form of "cheating" in a sperm-trading mating

system, serving to allow a snail to receive more sperm from

a partner than it gives up (in autosperm) (Leonard and

Lukowiak, 1987b; Monteiro et al. , 1987). This prediction was

made on the basis of the gamete-trading model and analogy

with Navanax (Leonard and Lukowiak, 1985, 1987b). This

is a strong prediction because although copulation in Biom-

phalaria glabrata (Say), at least, is typically unilateral and

reciprocation can occur (Brenner, 1990), the details of the

mating system are as yet unknown. That is, it remains to be

shown that the mating system is based on reciprocation with

courtship performed by the male, and a preference for the

female role, as is required for sperm-trading. Sperm-
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parcelling, in which only a small quantity of sperm (too lit-

tle to fill the sperm storage organ) is transferred in a single

copulation, is expected to form part of sperm-trading mating

systems (Leonard and Lukowiak, 1984, 1985). M.E.B.

Valadares-Ribeiro has obtained evidence from studies with

genetic markers of sperm-parcelling in B. tenajophila (pers.

comm. from W. Monteiro). Sperm-parcelling has yet to be

demonstrated directly for Navanax, although there is some

evidence that a single copulation as a female does not com-

pletely replenish depleted sperm stores (Leonard, unpub.

data, see also above).

OTHERMATING SYSTEMSWITH
UNILATERAL COPULATION

To date, Navanax is the only species for which

repeated alternation of sexual roles in a copulatory bout has

been described. Further investigation could show that this

is not uncommon in unilaterally copulating gastropods since

very little is known about the copulatory behavior of most

of them. However, it is clear that repeated alternation is not

characteristic of some taxa, e.g. Lymnaea, Aplysia, etc.

There are three types of mating interaction that have been

described for these species: single non-reciprocal copulations,

a single alternation of sexual roles, and chain copulation.

LYMNAEAANDOTHERBASOMMATOPHORANS
A single alternation of sexual roles commonly occurs

in the lymnaeid basommatophorans, Lymnaea stagnalis (L.)

(Noland and Carriker, 1946; Barraud, 1957; van Duiven-

boden, 1984) and Stagnicola elodes (Say) (Rudolph, 1979a)

and perhaps also in the stylommatophoran genus Partula

(Lipton and Murray, 1979). In contrast, reciprocation does

not occur commonly in the planorbid basommatophoran

Bulinus globosus (Morelet) (Rudolph, 1979b). The

mechanisms by which reciprocation is enforced (or cheating

prevented) in cases of a single alternation of sexual roles have

not been studied in detail. In S. elodes and L. stagnalis, male

sexual behavior has been shown to be induced by copula-

tion as a female (Rudolph, 1979a; v. Duivenboden and ter

Maat, 1985) and this could also be the case in Navanax

(Leonard and Lukowiak, 1991). In Lymnaea, courtship is

a male behavior and individuals appear to be always willing

to copulate as females (van Duivenboden and ter Maat,

1985), which suggests that the female sexual role is preferred.

Also, copulatory plugs have been reported in S. elodes and

B. globosus (Rudolph, 1979a, b). That of S. elodes probably

prevents a second copulation as a female for two to three

hours, while in B. globosus the copulatory plug is presumed

to be ineffective in preventing a second copulation. It would

be interesting to know more about the relationship of these

plugs, apparently common in basommatophorans (Geraerts

and Joosse, 1984), to the mating system.

These instances of apparently unilateral and/or single

reciprocal copulations offer exciting opportunities to test the

Hermaphrodite's Dilemma model, because they appear at

first glance to contradict the predictions of the model. The

first prediction of the model is that of reciprocity. Thus in

order to be consistent with the model, the cases of unilateral

copulation must actually represent part of a reciprocal in-

teraction [which is not impossible, the single alternation of

Lymnaea stagnalis could involve a period of hours between

the two copulations during which the first male rides on the

shell of the first female before she begins to reciprocate

(Leonard, v. Duivenboden and ter Maat, unpub. data)] or

the unilateral copulations must represent a form of

"cheating" obviously derived from a reciprocal mating

system. The cases of a single reciprocal copulation are also

puzzling. Single reciprocal copulations would be consistent

with the predictions of the Hermaphrodite's Dilemma only

under Game of Chicken conditions. That is, if there is a

preferred role, an individual that has taken that role in the

first copulation would have no reason to remain and

reciprocate by assuming the less preferred role, unless there

were a shortage of other mates available. Because many of

the basommatophorans, such as Lymnaea and Physa, for ex-

ample, typically occur in dense populations this seems unlike-

ly. Such population densities suggest that Prisoner's Dilem-

ma conditions should be in operation but it is axiomatic

(Axelrod and Hamilton, 1981) that under Prisoner's Dilem-

ma, reciprocation (such as Tit-for-Tat) can only evolve where

the last move of the interaction is known. Otherwise, each

player would benefit by refusing to reciprocate on the last

move (see Leonard, 1990). Therefore, the Hermaphrodite's

Dilemma model predicts that single reciprocal copulations

must involve as yet identified mechanisms for enforcing

reciprocation. Specifically, where a gametolytic gland ex-

ists, it should be the case that the male is able to prevent

the female from leaving before reciprocating by assuming

the male role with its former partner. The egg-trading model,

on the other hand, would predict that individuals should com-

pete for opportunities to copulate as males.

CHAIN COPULATION
Chain copulation consists of a mating interaction

between three or more individuals in which the individual

in front acts only as a female, while each middle individual

acts both as a male (to the individual in front of it) and as

a female (to the individual behind it) while the last individual

acts only as a male. This phenomenon has been observed

in a variety of euthyneuran gastropods, particularly basom-

matophoran pulmonates and tectibranch opisthobranchs (see

various planorbids, Precht, 1936; Duncan, 1975; Kuma,

1975; Geraerts and Joosse, 1984; Hadfield and Switzer-

Dunlap, 1984; Franc, 1986). Chain (and even ring) forma-

tion appears possible in virtually all species that normally

copulate unilaterally, and some that usually copulate
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reciprocally (e.g. Phyllaplysia taylori Dall, Beeman, 1970a,

b), and is particularly commonunder crowded laboratory con-

ditions. In some taxa, such as Aplysia spp., however, chain

copulation appears to occur commonly in the field, and must

be regarded as a normal feature of the mating system (P.

Fischer, 1869; MacGinitie and MacGinitie, 1968; Ricketts

etal. , 1968; Kupfermann and Carew, 1974; Leonard, unpub.

data). Chain copulation has also been described from

laboratory observations iox Acera bullata Muller (Legendre,

1905). Geldiay (1956) concluded that chain copulation was

the rule rather than the exception for Lake District populations

of the freshwater limpet, Ancylus fluviatilis Muller, where

chains of as many as seven individuals have been observed.

Wesenberg-Lund (1939) reported for Lymnaea that chains of

three individuals were not uncommon in the field (see also

Crabb, 1927; Noland and Carriker, 1946; Barraud, 1957; v.

Duivenboden, 1984) and that the female will next act as male

to a nearby individual. There are also reports of simultaneous

reciprocal copulation in Lymnaea (Klotz, 1889; Crabb, 1927).

In other species, chain copulation is probably largely an

artifact of laboratory conditions [e.g. Physa fontinalis (L.)

(Duncan, 1959)] and rare, if it occurs at all, in the field. For

example, in Navanax chains and/or rings of three or four

copulating individuals occur commonly in the laboratory, but

are very rare in the field (Leonard and Lukowiak, 1985).

Rivest (1984) described group hypodermic copulation in two

species of the nudibranch Palio, but this appears to be the

exception, the rule being simultaneously reciprocal hypo-

dermic copulation.

The Hermaphrodite's Dilemma model predicts that

chain copulation should represent an obvious derivative from

a reciprocal mating system. The data available in the literature

are not adequate to confirm or refute this prediction and

further observations are required before we can understand

chain copulation as a mating system. In Lymnaea, mating in-

teractions typically involve a single alternation of sexual roles

between members of a pair (Noland and Carriker, 1946; Bar-

raud, 1957; v. Duivenboden, 1984; v. Duivenboden and ter

Maat, 1985; Leonard, v. Duivenboden and ter Maat, unpub.

obs.) and it could be the case that chain copulations occur

under conditions of high density and could represent

"cheating" on a successively reciprocal system. If so, the

gamete-trading model predicts that the "cheating" will con-

sist of females avoiding male behavior, whereas the egg-

trading model would predict that individuals should compete

for opportunities to copulate as males. Another possibility

is that mechanisms exist for reciprocation within the chain

interaction. That is, individuals in chains could remain in the

chain until they have copulated equally often in both roles.

Someobservations in both Lymnaea (Wesenberg-Lund, 1939)

and Aplysia californica (Leonard and Lukowiak, 1983;

Leonard, unpub. data) suggest that, as in Navanax (Leonard

and Lukowiak, 1987a, 1991), individuals begin to act as males

after acting as females. Also, laboratory observations indicate

that chains of copulating A. californica can break and reform

and individuals can copulate several times before mating ac-

tivity ceases, with some indication that females (individuals

at the front of the chain) tend to act as males to either the

animal at the end of the chain or a nearby individual in the

subsequent copulation (Leonard and Lukowiak, unpub. data).

The data, however, are too scanty to allow us to tell whether

individuals alternate sexual roles within chains. In Aplysia,

courtship is initiated by the individual that will act as a male

(Kupfermann and Carew, 1974; Leonard and Lukowiak, 1983)

as is the case in Lymnaea and Navanax but there is as yet

no clear evidence that the female is preferred as predicted

by the gamete-trading model.

THE STRANGECASEOF ARIOLIMAX: SELF-

MULTILATION? HERMAPHRODITESAS
"CASTRATING FEMALES"?

Another intriguing observation is the report for a

stylommatophoran slug, Ariolimax, that "they frequently

gnaw off the penis at the close of copulation," (Mead 1943:

675). A certain percentage of large individuals in Ariolimax

appear to lack completely a penis (Heath, 1916; Mead, 1943),

whereas in others it is underdeveloped (Heath, 1916). Heath

(1916), having hypothesized that the penis must be lost and

then regenerated in this species, collected 200 individuals in

an enclosure and after several weeks was able to observe two

instances of copulation. He described the courtship process

and stated that copulation was unilateral and that in both cases

the penis was chewed off as soon as the animals began to

draw apart. He indicated that in at least one case the am-

putation was initiated by the female who was then joined in

amputation by the "possessor of the intromittent organ con-

cerned". Upon dissection Heath found that in two of the in-

dividuals (the females in the copulations), the amputated penis

extended from the genital pore internally to the distal end

of the seminal receptacle. Heath found this phenomenon

understandably perplexing and offered two possible explana-

tions: 1) that the amputated penis serves as a sperm plug;

2) that the behavior is an artifact of disturbance by the

observer and has evolved as a means of rapid separation when

escape is necessary. Because the amputation process took over

10 min (Heath, 1916), it seems unlikely that it is an effective

defense against predators but it could serve to prevent dessica-

tion. Heath mentioned that copulation is nocturnal and that

intromission had lasted several hours before the animals began

to separate so it may be the case that copulations starting late

in the night might create a risk of dessication in the morning

sun unless there was a way of rapidly terminating them. Sex-

ual conflict theory can add 1) the possibility that the func-

tion of the sperm plug is more to prevent the mate from acting

as a female again (keep other sperm out) than to prevent

loss of sperm, and/or 2) the suggestion that in these her-
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maphrodites an individual that amputated the penis of its mate

could increase its own reproductive success as a male by

decreasing the number of effective male rivals.

The Hermaphrodite's Dilemma model would predict

that this behavior, if it is not merely a defense mechanism

against danger of dessication or the like, must be a means

of enforcing reciprocation or "cheating" on a reciprocal

mating system. For example, if as predicted by the gamete-

trading model, the female role is preferred it could be the

case that once an individual has accumulated enough

allosperm to fill its own sperm storage organ, it could not

have any "reason" to mate as a male and could amputate

its own penis, leaving it as a sperm plug to prevent its mate

from receiving more sperm before egg-laying, thereby insur-

ing paternity. It is barely conceivable that an individual could

be able to regenerate its penis in time to get to use it in

reciprocal mating interactions in order to obtain a new load

of sperm after using the previous batch. In any case, the

gamete-trading model predicts that Ariolimax which lack a

penis should remain willing to copulate as females whereas

the egg-trading model would predict that, because her-

maphrodites should copulate as females in order to get an

opportunity to copulate as males, that an individual lacking

a penis ought to be unwilling to copulate as a female. Similar-

ly, if the goal of copulating as a male is getting an oppor-

tunity to be female, as is predicted for euthyneuran gastropods

by the gamete-trading hypothesis, then Ariolimax should be

reluctant to act as a male to an individual that lacks a penis.

The egg-trading model on the other hand predicts that an in-

dividual copulating as a male should not be fussy and should

accept a mate with or without a penis of its own. Therefore,

both gamete-trading and egg-trading predict that individuals

lacking a penis will be unlikely to be involved in copulations

but the egg-trading model predicts that that will be due to

"coyness" of the amputee, whereas the gamete-trading model

predicts that the individual lacking a penis will be unattrac-

tive or rejected as a (female) mate.

The copulation of these commonbanana slugs of the

northwest coast of the United States seems to demand further

attention. We need to know: 1) whether this amputation is

a defensive response or whether it occurs as a normal part

of the sexual behavior; 2) how commonly this amputation

occurs; 3) who amputates the penis of whom; and 4) whether

this amputation occurs after an individual's first copulation

or only in older individuals who may have mated with several

partners. We also need to know how often these animals

copulate over their life-span, and/or between egg-layings in

order to understand the significance of this. Perhaps these

slugs are effectively monogamous, at least as males, each in-

dividual mating once upon attaining adulthood and losing its

penis in the process, with occasional individuals surviving

long enough to regenerate the penis and copulate as males

a second time? Its amazing how little we know about such

common and conspicuous animals.

SIMULTANEOUSLYRECIPROCAL
COPULATION

STYLOMMATOPHORANS
Both Hyman (1967) and Franc (1968) made the inter-

esting generalization that basommatophorans have unilateral

copulation associated with a short, simple courtship per-

formed by the individual that will act as the male, whereas

stylommatophorans have simultaneously reciprocal copula-

tion preceded by lengthy, elaborate, and often bizarre court-

ship behavior. The usual explanation of this phenomenon has

been mechanistic; i.e. that the behavior serves to facilitate

coordination between the partners to allow simultaneous

reciprocal intromission, and most of the experimental work

has focused on that aspect of the behavior (i.e. Helix, Jep-

pesen, 1976; Lind, 1976; Chung, 1986; Adamo and Chase,

1988; Giusti and Andreini, 1988). However, because many

opisthobranchs, particularly nudibranchs, have simultaneous

reciprocal copulation without lengthy or notably peculiar

courtship behavior (Hadfield and Switzer-Dunlap, 1984;

Leonard, unpub. data; see also aeolids below), it is difficult

to argue that simultaneous reciprocal copulation must be ac-

companied in evolution by such bizarre mechanisms as the

love-dart of Helix, the ingestion of caudal mucous globules,

the aerial performance of Umax maximus (L.), etc. (see

Hyman, 1967; Franc, 1968; Tompa, 1980). An obvious func-

tional or adaptive explanation is that these elaborate court-

ship behaviors have evolved through sexual conflict.

Specifically, the Hermaphrodite's Dilemma model pre-

dicts that they all serve to prevent "cheating" on the recipro-

cal mating system, which should take (according to the

gamete-trading model) the form of individuals attempting to

act as females, receiving sperm, without offering any of their

own. Both Meisenheimer (1907) and Lind (1976) reported that

in Helix, that an individual (A) that inserts its penis into the

vagina of its partner (B) will immediately withdraw its penis

unless B simultaneously inserts its (B's) penis into As vagina

(but see Chung, 1987). This is consistent with the idea that

courtship serves to prevent an individual from acting only

as a male. Similar reluctance to act as a male before the part-

ner does should be seen in other species with elaborate court-

ship and simultaneous reciprocal copulation. The courtship

therefore, should enforce reciprocity, specifically by prevent-

ing individuals from acting only as females. An egg-trading

model, based on Bate man's principle would predict the op-

posite; that is the courtship serves to enforce reciprocity by

preventing individuals from "cheating" by acting only in the

male role. One would predict therefore that in these elaborate

courtships there should be evidence that individuals are 1)

coy as females, refusing to allow intromission until they have

an opportunity to act as a male; and 2) eager as males,
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competing with each other for the first intromission. Charnov

(1979) suggested that such "complicated precopulatory

displays' ' should serve (under Bateman's principle) to induce

the partner to use the sperm received to fertilize eggs. These

hypotheses should be testable by experimental and com-

parative studies of common species of stylommatophorans.

AEOLIDS
While Lind (1976) reported that unilateral copulations

were rare in Helix, Rutowski (1983) found that 49% of all

copulations in Hermissenda were non-reciprocal. Rutowski

(1983) discussed this phenomenon in terms of sexual con-

flict and Charnov's (1979) prediction, considering the

possibility that the failure of one individual to intromit after

everting its penis was the result of an effort by its partner

either to deflect the penis of its partner or to give sperm quick-

ly without receiving any. That is, that one individual was at-

tempting to "cheat" by mating only in the male role. He con-

cluded that this was unlikely because many of the "missed

individuals" were sperm-depleted and would have benefited

from receiving sperm.

If, as the gamete-trading model (Leonard and

Lukowiak, 1984, 1985) predicts, the female sexual role is

preferred, the "cheater" in a unilateral copulation would be

the individual receiving but not giving sperm. These unilateral

intromissions in Hermissenda could represent "cheating" by

"deliberately" missing the target. However, since Rutowski

(1983) reported that sperm was ejaculated into the water as

a result of these "missed" intromissions this seems im-

probable. It seems very unlikely that emission of sperm into

the water would be more adaptive than transferring it to a

partner, especially because Rutowski's (1985) observation that

Hermissenda ingest any sperm left on the gonopore suggests

that the caloric content of sperm is not trivial. I agree,

therefore, with Rutowski's conclusion that the high frequen-

cy (49%) of copulations in which only one individual achieves

intromission is probably a consequence of whatever factors

have selected for extremely rapid copulation in this species.

However, on the assumption that the female sexual role is

preferred in Hermissenda, I suggest that cheating was

represented in Rutowski's observations by those copulations

(5 %of the total) which were unilateral because only one in-

dividual everted its penis, because in these cases individuals

received sperm without giving any in return (or wasting any).

A more detailed study of the mating behavior of Hermissenda

as a function of the sperm stores of the interacting individuals

might serve to test this possibility. In particular, Rutowski's

observation that most of the "missed individuals" in only

semi-successful reciprocal copulation attempts were sperm-

depleted is intriguing. One would like to know if sperm-

depleted animals behave differently during mating encounters,

and/or if their depleted status is detectable by partners who
then treat them differently. One would expect that, if there

is any difference, sperm-depleted individuals ought to be both

more willing to receive sperm, and more attractive as female

partners, than individuals with full sperm stores.

Observations from another aeolid, Aeolidia papillosa

Bergh, are also suggestive of cheating in a mating system

based on reciprocation. The sexual behavior of Aeolidia is

very similar to that of Hermissenda (Longley and Longley,

1982, 1984); encounters are very brief and usually simul-

taneously reciprocal. However, in Aeolidia there is no copula-

tion, sperm packets are deposited on the partner's gonopore

(Longley and Longley, 1984). The Longleys observed

one individual which copulated repeatedly (over a period

of days) without producing sperm packets. These authors

also reported that the quantity of sperm transferred in

a copulation was determined by both 1) the duration of

the copulation, which is correlated with the size of the smaller

partner, and 2) the rate of sperm transfer, which is related

to the number of autosperm remaining in the ampulla. This

raises the possibility that Aeolidia could engage in what

Trivers (1971) termed "subtle cheating." That is, an Aeolidia

could cheat by engaging in a reciprocal mating when it

has relatively few autosperms available, and thereby receive

more sperm than it gives to its partner. Beeman (1970a) also

observed instances in which only one member of a pair of

reciprocally copulating Phyllaplysia taylori Dall trans-

ferred sperm to its partner, since the other's ampulla was

empty.

Observations on many species with simultaneous

reciprocal copulation mention that unilateral copulations

sometimes occur (e.g. Helix: Herzberg and Herzberg, 1962;

Lind, 1976; opisthobranchs: Hadfield and Switzer-Dunlap,

1984; including Aeolidia papillosa: Longley and Longley,

1984; Hermissenda crassicornis: Longley and Longley, 1982;

Rutowski, 1983; Melilbe: Agersborg, 1922) which could be

considered "cheating." In summary, there is some evidence

that "cheating" can occur occasionally in species with

simultaneous reciprocal copulation, in the form of unilateral

copulations and/or "subtle cheating." However, from the

available evidence one cannot say with confidence that

"cheating" does or does not occur in these species. The

evidence does suggest that studies directed to the analysis of

sexual conflict in this group would be very rewarding.

DISCUSSION

The review and analysis presented here suggest that

1) gastropods offer a broad array of reproductive phenomena

that require explanation in terms of mating systems theory;

2) Hermaphrodite's Dilemma model makes nontrivial predic-

tions about the mating systems of hermaphroditic gastropods

that may serve to test the model; 3) for many euthyneuran

gastropods the egg-trading and gamete-trading models make

opposing predictions, making this group a useful means of
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distinguishing between the two models. While experimental

studies can be used to determine the preferred sexual role

for a given species (Leonard and Lukowiak, 1991), com-

parative studies can also be useful here. Review of the range

of mating systems found in simultaneously hermaphroditic

serranid fishes (Leonard, unpub. data) provides strong sup-

port for the existence of sexual conflict since it provides con-

firmation of the hypothesis that the male sexual role is

preferred in these simultaneous hermaphrodites, as assumed

by Fischer (1980, 1984) and predicted by Charnov (1979). The

evidence for this is twofold. First, in all species studied,

"cheating," on a reciprocal mating system, whether as streak-

ing or as extra-pair spawning in the monogamous Serranus

tigrinus (Bloch) (Pressley, 1981), is a male behavior; cheaters

"cheat" in order to fertilize someone else's eggs, not to get

their own eggs fertilized. Second, where mates become a

defensible resource, large, dominant individuals become male

(e.g. S. fasciatus (Jenyns) and S. baldwini (Evermann and

Marsh) (Petersen, 1990). In serranids, then, the harem-

based mating systems are exceptions that prove the egg-

trading rule. These simultaneously hermaphroditic fish pro-

vide strong evidence that sexual conflict both exists and is

important in shaping mating systems. However, both the

gamete-trading and the egg-trading models predict (indeed

the gamete-trading model assumes) that serranids prefer the

male role so that the serranids do not allow us to distinguish

between the egg-trading and gamete-trading models (contrary

to Fischer, 1987). The gastropods therefore, offer an exciting

opportunity not only to test the assumption that sexual con-

flict exists but also to distinguish between models based on

different assumptions about the source of sexual conflict. The

variety of reproductive behavior and physiology found within

the gastropods should allow us to identify species that can

be used to test hypotheses about the relative importance of

energy investment, mating time and control of fertilization

in sexual conflict.

In this paper I have attempted to demonstrate that

analysis in terms of sexual conflict makes specific predic-

tions about gastropod mating systems that may allow us to

elucidate the adaptive significance of many bizarre

phenomena in gastropod reproductive biology. The available

literature on gastropod sexual behavior suggests a number

of interesting test cases for the Hermaphrodite's Dilemma

model, but does not, in itself, provide sufficient data to test

the model. The chief difficulty interpreting the available in-

formation on gastropod reproduction in terms of sexual con-

flict or sexual selection is that one can seldom determine from

the available descriptions which types of behavior represent

the rule and which the exceptions. Where the initial studies

were not informed by mating systems theory or selection

thinking, crucial information is apt to be lacking, even when

there have been numerous detailed studies of the behavior,

as in Helix (Leonard, unpub. data). Mating systems theory

has a lot to offer to the study of euthyneuran gastropods and

euthyneuran gastropods have a lot to offer to the study of

mating systems theory.
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Abstract. Live, Iceland scallops, Chlamys islandica, were enumerated and their occurrences assigned to substratum coarseness grades along five photographic

transects (8-10 km in length) covering areas of the northeastern Grand Bank of Newfoundland. Scallops were disproportionately (53-94%) associated with

the coarsest grade of substratum comprising dense gravel-cobble (80-100% by area). Overall, scallops were uncommon to rare on predominantly sand substrata.

Average densities of scallops per photograph (5.4 m2
) ranged from 0.5 to 13.8 in cobble fields and from 0.02 to 1.7 on open sand.

It is hypothesized that Iceland scallops on the northeastern Grand Bank are aggregated on coarse substrata because of a strong propensity towards

byssal attachment at all post-larval life history stages. A survey of substratum associations of extant species of Chlamys reveals that, with few exceptions,

association with coarse substrata is common within the genus.

The Iceland scallop Chlamys islandica Miiller, 1776,

is a subarctic-boreal species, extending from Hudson Strait,

N.W.T., south to the Massachusetts region (Lubinsky, 1980).

Its bathymetric range extends to about 180 m and over the

expansive Newfoundland continental shelf, it can occur at

commercial densities (Naidu and Cahill, 1989). Apart from

mostly anecdotal accounts, very little is known about sub-

stratum associations of natural populations of this species and

the family Pectinidae in general. To date, research on sub-

strata associations has focused on the settlement and growth

of pectinid spat on artificial collectors within an overall

aquaculture context. While it is generally known that pectinid

spat will settle on substrata such as algae, hydrozoans, bryo-

zoans and various artificial surfaces (Fraser, 1983), the natural

settlement substrata for C. islandica are unknown (Wallace,

1982). Subsequent to spat settlement, it is believed that

juvenile scallops display an overall movement from primary

settlement substrata to substrata where they will reside dur-

ing juvenile and adult stages. In the case of C. islandica, this

could take place about one year after settlement when they

have attained a shell height of >5 mm(Wallace, 1982).

Based on the contents of scallop dredges, Naidu (1988)

found that Newfoundland populations of Iceland scallops are

found normally at depths greater than 55 m, usually on hard

bottom of variable substratum composition including mix-

tures of sand, gravel, shell fragments, rocks and boulders.

Dense, commercial concentrations of Iceland scallops are

known to occur on St. Pierre Bank (Newfoundland Grand

Banks) (Naidu and Cahill, 1989) in areas with sediments

characterized as Sable Is. gravel, which is a mixture of gravel

and < 10% sand (Fader et al. , 1982). Most of the specimens

of North American continental shelf Chlamys islandica in the

collection of the National Marine Fisheries Service (Woods

Hole) were collected from coarse substrata comprising gravel,

sand-gravel, till and sand (Theroux and Wigley, 1983).

Wiborg (1962, cited in Vahl and Clausen 1980) stated that

C. islandica lives on coarse sediments or on hard bottom.

In a shallow water study in the Gulf of St. Lawrence, Jalbert

et al. (1989) determined that C. islandica occurred most fre-

quently on coarse substrata, primarily cobble and gravel.

The objective of this investigation was to identify

natural substratum associations in offshore populations of

Iceland scallops from the Newfoundland Grand Bank. Based

on a series of photographic transects across areas of the north-

eastern Grand Bank, spatial distribution patterns of the mega-

fauna and major substratum types (coarseness grades) were

described (Schneider et al. , 1987). The scope of this paper

is threefold. First, Iceland scallop-substrata associations are

documented for the northeastern Grand Bank. This is followed

by an assessment of physical and behavioural mechanisms

which could potentially influence these associations. Final-

ly, observed patterns of substrata association in Chlamys

islandica are compared with existing information on substrata

and habitats occupied by extant Chlamys spp.

STUDYAREA
The Grand Banks of Newfoundland represents the most

extensive shallow (< 200 m) feature on the continental

American Malacological Bulletin, Vol. 9(1) (1991):59-67
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shelf of eastern Canada and is comprised of a series of ma-

jor banks: St. Pierre, Green, Whale and Grand. The study

area is situated on the northeastern edge of the Grand Bank

of Newfoundland in the vicinity of the Hibernia oilfield (Fig.

1). Water depths range from 70 to 100 m. The most complete

description of this area in terms of the surficial sediments

and seabed processes is found in Barrie et al. (1984).

Sedimentary cover typically consists of reworked sand and

gravel deposits, generally < 2 m thick. Bedforms include

sand ripples (< lm wide), sand megaripples (5-10 mwide),

sand ribbons (100 mto 1 km wide) and sand ridges (general-

ly > 3 km in width). Coarse sediment is incorporated into

the sand, in places. Coarse sediment consists of gravel and

cobble-sized clasts (Grand Bank Gravel) which are believed

to represent Pleistocene glacial deposits which have been

reworked subsequently into coastal environments by an early

Holocene marine transgression as a result of a eustatic rise

in sea level. Overall, sedimentary bedforms on the Grand

Banks are believed to be dynamic and are being reworked

by unidirectional storm-driven currents, ocean currents and

extreme waves.

Fig. 1. Location of photographic transects on the northeastern Grand Bank.

METHODS

Five photographic transects, ranging in length from

8 to 10 km, were conducted across the northeastern edge of

the Grand Bank (Fig. 1). Colour 35 mmslide photographs

were taken at 10 s intervals with the BRUTIV system (Vilks,

1984) which consists of a sled-mounted camera (aligned ver-

tically) towed 3 m above the seabed. Technical details are

provided in Schneider et al. (1987). The area defined by each

photograph was 5.4 m2
.

Each frame (slide) was examined under low magnifica-

tion (X16) and classified into one of six substratum categories

based on a gross classification scheme of sediment texture

and estimated areal coverage:

1- pure sand;

2- sand with scattered cobble;

3- scattered gravel on sand;

4- sand with cobble and shell;

5- 50 to 80% cobble and gravel;

6- > 80% cobble and gravel.

Sand and gravel were distinguished on the basis of textural

differences. While gravel is defined as particles with diameter

> 5 mm( ASTM, 1988), much of the sediment in categories

5 and 6 were dominated by large-sized rocks (> 20 mm
diameter) and are referred to as cobble.

All identifiable Iceland scallops were enumerated by

superimposing a 5 X 5 grid over each slide and recording

the number of organisms in each cell. Analyses were car-

ried out on the sum of counts in each slide. Megafauna less

than about 2 cm in shell height were visible, but generally

could not be identified to the species level. Scallops were

classified as live if they were in normal life position (epi-

faunal) with normal colouration (i.e. not bleached). While

there could be a tendency to overestimate the abundance of

live scallops by inclusion of articulated, collapsed cluckers

(sensu Naidu, 1988), there were probably instances where

live, "bleached-looking" scallops were classified as dead.

All identifiable scallops displayed a sculpture of coarse ribs

and had unequal hinge "ears," features which distinguish the

Iceland scallop from the sea scallop Placopecten magellanicus

(Gmelin, 1791). The only scallop reported from the northeast-

ern Grand Bank has been the Iceland scallop (Mobil, 1985).

For each transect, the frequency distributions of live

scallops, by substratum type, were tested statistically for

significant departures from random distributions based on

the proportion of available substratum types (G-test for

goodness of fit, Sokal and Rohlf, 1981). It was assumed that

scallops would be distributed randomly at similar densities

for all substratum types.

RESULTS

The bedforms which the photographic transects

crossed are shown in figure 1. Transect Northwest (NW),

which over most of its length traversed previously unsurveyed

territory, crossed a sand ridge field with areas of scattered

cobble and gravel. Transect Northeast (NE) intersected two

sand ridge fields with minor amounts of cobble, gravel and

shell. Transect East (E) crossed sand ribbons developed on top

of a lag gravel. Transect Southwest (SW) crossed a gravel

and cobble field (Grand Bank gravel) with a regular alterna-

tion of sand and cobble and Transect Southeast (SE) crossed

a gravel and cobble field (Grand Bank gravel) which in-

tersected a sand field (boundary sand) at its eastern end.

Substratum composition varied between transects (Fig.
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Fig. 2. Frequencies of occurrence of (i) live Iceland scallops by substratum

category and (ii) substratum categories along photographic transects. Numbers

in parentheses refer to total number of enumerated live scallops (left col-

umn) and photographs examined (right column) along each transect.

2). Transects E and SE had a high percentage (50-60%) oc-

currence of predominantly coarse substrata, comprised of

gravel and cobble (some shell), whereas Transects NE and

NWhad high occurrences of primarily sand substrata (

>

60% in both cases). Along Transect SWthere was more or

less equal representation of fine and coarse substrata.

Along those transects which included the two coarsest

substratum categories, scallops were aggregated on coarse

substrata (i.e. gravel and cobble) (Fig. 2). Along Transects

NE, E and SE, greater than 80% of the total number of live

scallops occurred on the coarsest substratrum (category #6).

This was in spite of the fact that predominantly fine substrata

occurred at frequencies ranging from 15 to 80% along these

transects. In particular, along Transect NE where the pure

sand substratrum category (#1) had a frequency of occurrence

of 65 %, approximately 85 %of the scallops occurred on cob-

ble substrata which had a frequency of occurence of only

10% . Along Transect SW, approximately 10% of the scallops

were counted from substrata comprised predominantly of sand

and scattered cobble (Fig. 2). It is noted that this occurred

along the transect with the highest densities of live scallops

(Fig. 3). Frequencies of scallops along these transects showed

a highly significant deviation from a random distribution

across all substratum types (G-test statistic range: 176-2869,

p< <0.01). Transect NWcrossed a sand ridge field with areas

of scattered gravel. Along this entire 10 km transect,

represented by 744 photographs, only 9 live scallops were

counted.

There was considerable variation in the substratum-

specific densities of live scallops between transects (Fig. 3).

Average densities on the coarsest substratum ( > 80% cob-

ble and gravel) ranged from 0.5 to 13.8 scallops per

photograph (0.09 to 2.5 scallops/m 2
) while average densities

on the next coarsest substratum (50% to 80% cobble and

gravel) ranged from 0.1 to 5.7 scallops per photograph (0.02

to 1 scallop/m 2
). The highest densities on fine substrata

occurred on Transect SWwith an average density of 1.7

scallops per photograph (0.3 scallops/m 2
) on a substratum

consisting primarily of open sand with scattered cobble. It

was noted previously that this transect displayed the highest

densities of scallops on most substratum categories. On the

remaining transects, densities ranged from 0.02 to 0.4 scallops

per photograph (0.003 to 0.07 scallops/m 2
) on the two finest

substratum categories.

DISCUSSION

It is obvious that there is a strong association between

Iceland scallops and coarse substrata (gravel, cobble) on the

northeastern Grand Bank. At the outset, there are several ex-

planations which could account for the observed aggregated

distribution of scallops on coarse substrata. These include

(1) substratum-specific predation pressure and (2) behavioural

and physical mechanisms maintaining scallop-substratum

associations.

PREDATORS

The underlying premise of substratum-specific preda-

tion pressure is that scallops suffer heavy mortality from

predators after movement of juveniles or adults onto fine
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Fig. 3. Average densities of live Iceland scallops by substratum type along photographic transects.

sw

substrata. As mentioned previously, evidence to date on pec-

tinid spat substratum preference rules out primary settlement

on fine substrata (i.e. sand). While disproportionate preda-

tion pressure due to predator-substrata associations cannot

be ruled out as a contributing factor, we believe that predators

on the northeastern Grand Bank are not responsible for the

skewed distribution of scallops on coarse vs. fine substrata.

Potential predators of Iceland scallops on the Grand

Banks are listed in Table 1. Of these, only the pleuronectids,

American plaice (Hippoglossoides platessoides Fabricius,

1780) and yellowtail flounder {Litnanda ferruginea Storer,

1839), are known predators of Iceland scallops on the Grand

Banks (Pitt, 1976; Naidu and Meron, 1986) and other con-

tinental shelf regions (Langton and Bowman, 1981). Naidu

and Meron (1986) determined that Iceland scallops occurred

in plaice stomachs with a frequency of 22% on St. Pierre

Bank. They found that Iceland scallops were susceptible to

predation until the age of five years, at which point they

achieved a size refuge which was a function of predator mouth

gape. While probably not accounting for the rarity of scallops

on fine substrata on the northeastern Grand Bank, American

plaice would enhance the contrast in distribution of scallops

between coarse and fine substrata through predation on these

relatively rare occurring individuals on fine substrata.

Other large predatory fish such as Atlantic cod (Gadus

morhuo Linnaeus, 1758) are not known to be associated with

any particular substratum type and are typical opportunistic

feeders. Examination of cod stomach contents from the Grand

Banks reveals a very low incidence of Iceland scallops (G.

Lilly, pers. comm.).

Little is known about invertebrate predators of Iceland

scallops. The Buccinidae and the Naticidae are probably the

Table 1. Potential predators of the Iceland scallop, Chlamys islandica, on

the northeastern Grand Bank of Newfoundland.

Predator 1

Substratum

Fine Coarse

MOLLUSCA
Buccinidae

Naticidae

CRUSTACEA
Majidae- includes Hyas spp.,

and Chionocetes opilio

ECHINODERMATA
Asteroidea

Asterias \mlgaris

Leptasterias sp.

CHORDATA
Rajidae

Gadidae

Zoarcidae

Cottidae

Pleuronectidae

Pseudopleuronectes americanus

Limanda ferruginea

P

p*

p*

p*

1 -Identified along photographic transects (Schneider et al. , 1987)

* -Typical substratum association

P -potential predator

K-known predators (Langton and Bowman, 1981; Naidu and Meron, 1986)

two major predatory gastropod groups on the Grand Banks.

Species lists are incomplete for the study area and ecological

relationships are poorly documented. However, from studies

conducted in coastal areas, it is known that adult Buccinum

undatum (Linnaeus, 1758) can be attracted over considerable

distances ( > 50 m/day) in search of bivalves which are their

primary prey, on substrata including sand, mud and rock
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(Himmelman, 1988; Jalbert et al, 1989). Buccinid snails

were commonover all photographic transects and substratum

types, although never abundant. The maximum average den-

sity for a transect was 0.4 snails/photograph (0.07 snails/m 2
)

(Schneider et al. , 1987). Although uncommon in photographs,

naticid gastropods were observed along the study transects

on sand substrata. Most species of Naticidae are relatively

stenotypic and prefer sand or muddy substrata (Golikov and

Sirenko, 1988). If these gastropods were exerting a heavy

mortality on scallops, one would expect to find a surface ac-

cumulation of empty scallop shells; this was not observed.

Alternatively, naticids could be preying upon small scallops

in the size range below the limits of resolution in photographs

(i.e. < 2 cm).

Crabs are known predators of various scallop species

(Elner and Jamieson, 1979; Lake etai, 1987). While poten-

tially important predators of scallops such as majid crabs

(Hyas spp. and Chionocetes opilio O. Fabricius, 1780) were

common over most transects, they were not restricted to a

particular substratum (Schneider et al. , 1987). The extent of

predation by various echinoderms (e.g. Asteroidea) on

scallops is unknown, however, it is noted that asteroids were

primarily associated with the coarsest substrata on the

transects (Schneider et al., 1987) and, therefore, would not

be expected to cause excessive mortalities on sand substrata.

In conclusion, it is considered unlikely that Iceland scallops

are concentrated on coarse substrata due to differential sur-

vivorship from intense predation pressure on fine substrata.

BEHAVIOURALANDPHYSICAL
MECHANISMSMAINTAINING SCALLOP-
SUBSTRATUMASSOCIATIONS

The most plausible explanation for the association of

Iceland scallops with coarse substrata is the propensity, at

all life history stages, towards byssal attachment to a stable

substratum. It is known that a high percentage of individuals

in a population of Iceland scallops are attached to the

substratum by the byssus at any given time. Frequencies of

76% (laboratory) and 97% (field) byssally attached adult

scallops have been reported by Naidu and Meron (1986) and

Vahl and Clausen (1980), respectively. From diving obser-

vations in West Greenland, Pedersen (1989) reported that

Iceland scallops were attached to the substratum by the byssus,

large scallops were attached directly to the substratum while

small scallops were attached to larger scallops or empty shells.

Vahl and Clausen (1980) postulate that because Chlamys

islandica cannot recess on coarse sediments, it remains in

danger of being swept away by currents and because C.

islandica tends to occur in habitats with strong currents

(Wiborg, 1962 fide Vahl and Clausen, 1980) byssal attach-

ment remains necessary at all sizes.

An important aspect in assessing the importance of

water movements in shaping the distribution of scallops is

the current speed required to dislodge byssally attached

scallops. Gruffydd (1976) determined "wash-away" velocities

for Iceland scallops which ranged from 21 cm/s for 10-20

mmindividuals to 26 cm/s for 65-70 mmindividuals. For

the northeastern Grand Bank of Newfoundland, Barrie et al.

(1984) hypothesized that periodic, high unidirectional flow

velocities ( > 50 cm/s) occur, possibly every year to every

few years at depths less than 110 m. Under these extreme flow

conditions, the coarsest sediments become mobile and move

as bedforms. At other times, maximum tidal current velocities

(15 cm/s, Mobil, 1985) in the study area are less than those

required to "wash-away" scallops. Therefore, within the

study area, scallops are probably washed away infrequently

although major storms would have the capability of dislodg-

ing large numbers of scallops. At present, the extent of the

impact of such extreme events is unknown.

Swimming activity would make Chlamys islandica

susceptible to being "washed-away" from preferred substrata.

Gruffydd (1976) determined that all sizes of Iceland scallops,

and particularly medium-sized (30-40 mmshell height) in-

dividuals, displayed a tendency to swim. However, Vahl and

Clausen (1980) considered swimming activity to be a relative-

ly rare phenomenon, with individual scallops making, on

average, a swimming excursion every 31 days. This is in spite

of the fact that byssus production is a minor item in the energy

budget of C. islandica (Vahl and Clausen, 1980). There are

limited data regarding conditions which initiate the swimming

response. While Gruffydd's (1976) experiments showed that

the swimming response was strongest at the fastest current

speed (15 cm/s), Vahl and Clausen (1980) determined the flight

reaction to be less evident during periods when current speeds

were strong (about 50 cm/s) and speculated that this was pro-

bably due to the high risk to scallops associated with being

carried to unsuitable habitats in strong currents. Byssal at-

tachment rate of adult C. tehuelcha (d'Orbigny, 1835) in-

creased dramatically over relatively small changes in current

velocity, from 65% attachment at 6.6 cm/s to 90% at 8.3 cm/s

(Ciocco et al. , 1983 fide Orensanz et al. . in press). Patterns

of swimming behaviour in C. islandica may be determined

by a combination of factors including habitat type and critical

current velocity (in terms of initiating the swimming response)

specific to these habitat types.

SUBSTRATAANDHABITATS
OCCUPIEDBY EXTANT
CHLAMYSSPP

In the evolution of the Bivalvia, neotenous retention

of the byssus was an adaptive break-through in terms of

physical stabilization, giving rise to an invasion of new

habitats by epifaunal species (Stanley, 1972). The oldest

(Triassic) pectinids are of the adult-byssate Chlamys type

(Triassic) while the emergence of post-Triassic free-living pec-

tinids evolved from byssate forms (Stanley, 1972).
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Table 2. Approximate maximum sizes (shell height) and substrata and depths occupied by extant Chlamys spp. 1

Shell

Height Habitat

(mm) Substratum Depth 2 Source

NORTHWESTATLANTIC

Chlamys islandica (Muller, 1776) 100

SOUTHWESTATLANTIC

C. benedicti (Verrill and Bush, 1897) 13

C. mildredae (Bayer, 1943) 38

C. semis (Reeve, 1853) 38

C. ornata (Lamarck, 1819) 40

C. imbricata (Gmelin, 1791) 44

C. multisquamata (Dunker, 1864) 59

C. patagonica (King and Broderip, 1832) 79

C. tehuelcha (d'Orbigny, 1835) 100

EASTERNATLANTIC

C. furtiva (Loven) 19

C. striata (Muller, 1776) 19

C. tigerina (Muller, 1776) 25

C. multistriata (Poli, 1795 ) 30

C. tincta (Reeve, 1853) 30

C. sulcata (Muller, 1776 ) 40

C. distorta (da Costa) 50

C. flabellum (Gmelin, 1791) 50

C. septemradiata (Muller, 1776) 51

C. nivea (MacGillivray, 1825) 60

C. varia (Linnaeus, 1758) 64

ICELAND

C. islandica (Muller, 1776) 110

BERING SEA

C. behringiana (Middendorff. 1849) ?

C. pseudislandica (MacNeil, 1967)' 75

EASTERNPACIFIC

C. jordani (Arnold, 1903) ?

C. lowei (Hertlein. 1935) ?

C. amandi (Hertlein, 1935) 40

C. incantata (Hertlein, 1972) 60

C. rubida (Hinds, 1845) 60

C. hastata hastata (Sowerby, 1842) 64

C. hastata hericius (Gould, 1850) 83

SOUTHWESTPACIFIC

C. dichroa (Suter, 1909) 42

C. zelandiae (Gray, 1843) 30

C. gemmulata (Reeve, 1853) 30

C. kiwaensis (Powell, 1933) 33

C. zeelandona (Hertlein, 1931) 35?

C. atkinos (Petterd, 1886) 38

C. luculenta (Reeve, 1853) 40

C. lentiginosa (Reeve, 1853) 40

C. taiaroa (Powell, 1952) 43

C. funebris (Reeve, 1853) 50

C. australis (Sowerby, 1847) 60

gravelly sand, shell

rock

undersides of rocks

undersides of rocks

undersides of rocks

undersides of rocks

rock crevices

consolidated sand, shell

consolidated sand: shell-

gravel, rocky bottoms

muddy, gravelly sand

muddy sand, gravel, shell

sandy mud, gravel, rock

7

?

?

7

7

mud
9

rocks, muddy gravel, shell

clay, sand, shell

7

7
>

?offshore (200 m)

rocks, gravel, shell

rocks, gravel

rocks, sand, mud

undersides of rocks

7

7

7

7

7

coral reefs

7

?

7

offshore (to 220 m)

inshore (upper subtidal)

inshore ( < 15 m)

inshore (to 4 m)

inshore ( < 6 m)

inshore/offshore (6-56 m)

offshore (to 300 m)

inshore/offshore ( < 60 m)

inshore/offshore ( < 200 m)

inshore/offshore

inshore/offshore (to 550 m)

inshore/offshore (to 2000 m)

7

offshore (to 850 m)

inshore/offshore (to > 90 m)

inshore

inshore/offshore (11-183 m)

offshore

inshore/offshore (to 1000 m)

this study; Theroux and Wigley, 1983;

Naidu and Cahill, 1989

Abbott, 1974

Abbott, 1974

Abbott, 1974; Rehder, 1981

Abbott and Dance, 1986

Abbott, 1974

Abbott, 1974

Orensanz et al. , in press;

O. Iribarne, pers. comm.

Orensanz et al., in press;

O. Iribarne, pers. comm.

Tebble, 1966

Tebble, 1966

Madson, 1949; Tebble, 1966

Abbott and Dance, 1986

Abbott and Dance, 1986

Abbott and Dance, 1986

Tebble, 1966

Abbott and Dance, 1986

Allen, 1953; Tebble, 1966

Abbott and Dance, 1986

Allen, 1953; Tebble, 1966

inshore/offshore (to 300 m) Madson, 1949

offshore (40-150 m)

inshore/offshore

inshore/offshore (2-60 m)

inshore/offshore (2-175 m)

offshore

Abbott and Dance, 1986

inshore/offshore (to 183 m)

inshore/offshore (5-150 m)

inshore/offshore (to 152 m)

offshore (to 100 m)

inshore (to 30 m)

inshore (to 30 m)

inshore?/offshore

inshore

inshore/offshore?

offshore

inshore

inshore?/offshore

inshore?

offshore

Bernard, 1983

MacGinitie, 1959; Bernard, 1979

Bernard, 1983

Bernard, 1983; Keen, 1971

Abbott and Dance, 1986

Rehder, 1981; Kozloff, 1983

Rehder, 1981; Bourne, 1987

Rehder, 1981

Abbott and Dance, 1986;

Powell, 1979

Abbott and Dance, 1986

Abbott and Dance, 1986

Powell, 1979

Powell, 1979

MacPherson and Gabriel, 1962

Abbott and Dance, 1986

Abbott and Dance, 1986

Powell, 1979

Abbott and Dance, 1986

Abbott and Dance, 1986
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Table 2. (continued)

Shell

Height Habitat

(mm) Substratum Depth 2 Source

C. scabricostata (Sowerby, 1915)

C. squamosa (Gmelin, 1791)

C. dieffenbachi (Reeve, 1853)

C. delicutula (Hutton, 1873)

C. asperrimus (Lamarck, 1819)

C. bifrons (Lamarck, 1819)

C. consociata (E. A. Smith, 1915)

NORTHWESTPACIFIC

C. albida (Arnold, 1906)

C. phncessae (Kuroda and Habe)

C. asperulata (Adams and Reeve. 1850)

C. albolineata (Sowerby, 1887)

C. empressae (Kuroda and Habe)

C. irregularis (Sowerby, 1842)

C. jousseaumei (Bavay, 1904)

C. larvata (Reeve, 1853)

C. farreri nipponensis (Kuroda)

C. lemniscata (Reeve, 1853)

C. squamata (Gmelin, 1791)

C. gloriosa (Reeve, 1852)

C. rosealbus (Scarlato)

C. nobilis (Reeve, 1852)

INDIAN OCEAN
C. ruschenbergerii (Tyron, 1869)

C. senatoria (Gmelin, 1791)

C. townsendi (Sowerby. 1895)

60

60

64

70

100

150

?

23?

25

25

30?

40

40

40

?

50

75

75

90

118?

75

75

150

gravel and shell

muddy sand to sand 4

sandy and coarse bottoms

sand, shell

?

9

sand, shell

rocks, gravel

fine sand

rock, gravel

sand, shell

rock, gravel

silty-sand with pebbles,

rocks (rarely sand, shells)

rocks

offshore

inshore

inshore/offshore (to 35 m)

offshore (to 200 m)

inshore/offshore (to 100 m)

inshore/offshore (to 100 m)

inshore/offshore (to 182 m)

offshore (to 200 m)

offhsore (to 200 m)

inshore (to 20 m)

inshore

offshore (to 200 m)

inshore/offshore (to 600 m)

inshore/offshore

offshore

inshore/offshore (to 60 m)

inshore/offshore (to 300 m)

inshore/offshore (to 50 m)

offshore

inshore/offshore (13-2030 m)

inshore (to 20 m)

offshore

offshore

inshore (to 20 m)

Abbott and Dance, 1986

Abbott and Dance, 1986

Abbott and Dance, 1986;

Powell, 1979

Bull, in press

Young and Martin, 1989;

R. McLoughlin, pers. comm.

Young and Martin, 1989;

R. McLoughlin, pers. comm.

Powell, 1979

Bernard, 1983

Kuroda et al. , 1971

Abbott and Dance, 1986

Abbott and Dance, 1986

Kuroda et al. . 1971

Abbott and Dance, 1986;

Kuroda et al. , 1971

Abbott and Dance, 1986;

Kuroda et al. , 1971

Abbott and Dance, 1986

Kuroda et al. , 1971

Abbott and Dance, 1986;

Kuroda et al. . 1971

Abbott and Dance, 1986;

Kuroda et al. , 1971

Abbott and Dance, 1986)

Silina and Pozdnyakova. 1990

Kuroda et al. , 1971

Abbott and Dance, 1986

Abbott and Dance, 1986

Abbott and Dance, 1986

'This is not a complete taxonomic listing. Bernard (1983) considers Hinnttes to be a subgenus, however, because Hinnites spp. attach to the substrate by

cementation rather than by a byssus this group has been excluded from analyses. In certain instances a species may occupy two geographic regions, however,

in order to simplify the table the species is recorded for only one region. An exception was made in the case of C. islandica.

2 Those species with maximum depth distributions of 30 m are considered inshore species. Note that this division is arbritrary and that not all deepwater

occurrences are necessarily offshore.

3 There is some debate over whether or not living C. islandica occurs in the eastern Pacific although it is reported to occur in the Arctic (Bernard. 1979;

Lubinsky, 1980). Bernard (1979) considers C. islandica recorded from Point Barrow, Alaska (MacGinitie, 1959) to be C. pseudislandica while the more

southerly occurring specimens from this collection he considers to be C. rubida.

•Although widespread on a variety of soft substrata, both juveniles and adults usually found attached by byssus to available solid objects, i.e. rocks, other

bivalves, pier pilings (Young and Martin, 1989).

During the Paleozoic, bivalves were primarily re-

stricted to nearshore habitats and it was largely after the

Paleozoic that the bivalvia spread offshore to attain their pre-

sent distributions, replacing the previously dominant articulate

brachiopods (Stanley, 1972). From a survey of the habitats

occupied by extant species within the genus Chlamys, it is

seen that there is a high proportion (73%) of species with

an offshore distribution, or at least ranging from shallow water

to offshore depths (Table 2).

While there is limited ecological information on many

of these species, particularly with respect to substrata associa-

tions, it would appear that members of the genus have radiated

into a variety of habitat types. Substrata associations range

from the undersides of shallow water boulders and coral reefs

(e.g. subtropical and tropical species) to deepwater muds (e.g.

Chlamys septemradiata Miiller, 1776). Kauffman (1969)

classifies byssate species of Chlamys as byssate fissure-

dwellers. The typical habitats of this group are the under-
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sides of rocks, crevices and fissures, reef tunnels, spaces in-

side root bundles of aquatic plants and similar niches with

good water circulation, weak light and good protection from

strong wave or current action. The occurrence of C.

septemradiata on deep-water, flocculent muds (Allen, 1953)

represents a unique substratum association within the genus.

In fact, in this habitat, C. septemradiata serves as a stable

settling surface for other sessile invertebrates which other-

wise would be subjected to siltation.

Examining species-specific maximum sizes within the

genus, it is seen that while most shallow water crevice species

are small (< 60 mm), there are several very small (< 30

mm) species which are found distributed offshore to great

depths (Table 2). The Iceland scallop is one of the largest

species within the genus Chlamys, attaining a maximum size

of about 100 mmin the Newfoundland regions although on

the northeastern Grand Bank most scallops are between 60

and 80 mmin shell height (Naidu and Cahill, 1989).

The observed life habit orientation of Chlamys

islandica on the northeastern Grand Banks is a fully exposed

position. Because of the nature of the substratum (dense

gravel, cobble), in most instances adult Iceland scallops must

assume an epifaunal position on the exposed, upper surfaces

of rocks. Only in the case of irregular occurrences of boulders

would Iceland scallops be afforded the opportunity to assume

a cryptic habit by attaching to the undersides. However, C.

islandica could be compensated for this apparent lack of

refuge through heavy biofouling by barnacles and soft corals

in particular, which is often observed on the external sur-

faces of the upper valve (KDG, pers. obs.). While this may

not decrease the risk of predation from chemosensory orient-

ing predators (see Lake et al., 1987), presumably it would

be an advantage in the case of visually cueing predators, in

particular, fish. Epizoic associations have been studied for

several species. Epizoic sponge cover of the valves of C. varia

(Linnaeus, 1758) and C. asperrima (Lamarck, 1819) is known

to provide protection from predatory starfish (Forester, 1979;

Chernoff, 1987; Pitcher and Butler, 1987). Chlamys dieffen-

bachi (Reeve, 1853) is almost invariably enveloped in living

sponge (Powell, 1979) while C hastata and C. rubida (Hinds,

1845) are regularly colonized by sponges that form thick

coatings (Kozloff, 1983).

In summary, from the results of this study, and the

observations of others, it would appear that Chlamys islandica

is restricted to habitats with coarse substrata although this

includes a range of sediment types from gravelly sand to

gravel, cobble and shell mixtures. This would appear to be

due to a requirement for byssus attachment at all life history

stages. Within the genus, other species known to be bysally

attached to substrates as adults include: C asperrima (Young

and Martin, 1989), C varia (Rodhouse and Burnell, 1979),

C. irregularis Sowerby, 1842, C squamata Gmelin, 1791, C.

farreri Jones and Preston, 1904 and C. nobilis Reeve, 1853

(Kuroda et al. , 1971). Frequency of byssal attachment to the

substratum decreases with age in C. tehuelcha although the

capacity to form a byssus is not lost in the largest individuals

(Orensanz et al. , in press). While occupation of habitats with

coarse substrata appears to be typical of members of the

genus, there is at least one example (C. septemradiata) of

radiation into a deepwater habitat characterized by flocculent

muds, presumably with a consequential loss of byssus

attachment.
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Anatomical and behavioural studies on vision

in Nautilus and Octopus

W. R. A. Muntz
Department of Ecology and Evolutionary Biology, Monash University, Clayton, Victoria 3168, Australia

Abstract. Nautilus is a cephalopod that is primitive in many respects, and is often considered to be a "living fossil". The eye of Nautilus is apparently

a primitive feature, acting as a pin-hole camera and lacking any lens or other dioptric apparatus. In contrast, in Octopus and most other coleoid cephalopods,

there is a well formed spherical lens. The basic structure of the retina is similar in the two animals, but there are also a number of important differences:

the microvilli of the receptors of Nautilus do not form a regular rectilinear array as they do in Octopus; the microvilli from neighbouring receptors overlap,

which does not occur in Octopus: the supporting cells have a different structure; the nuclei of the supporting cells and receptor cells are distributed either

side of the basement membrane in Octopus, but not in Nautilus; cilia are present in the retina of Nautilus but not Octopus; and the myeloid bodies are much

more developed in Nautilus.

Both behavioural experiments and calculation show that, as expected on anatomical grounds, visual acuity and sensitivity are much better in Octopus

than Nautilus. Reasons for the limitations in the visual capabilities of the two animals are discussed.

Nautilus is the last surviving genus of a group that

arose in the Triassic, and has apparently changed little since

Cretaceous times, at least as far as we can judge from the

shell. The animal shows many apparently primitive features,

such as the lack of an ink sac or chromatophores, the ex-

ternal shell, the funnel formed of two overlapping lobes, and

the simple pin-hole camera eye lacking any lens or other diop-

tric apparatus (e.g. Morton, 1967). The ancestry of the genus

has been discussed by, among others, Teichert and Matsumoto

(1987), who concluded that it can truly be called a "living

fossil".

The first octopods, on the other hand, are found in

the Upper Cretaceous (Donovan, 1977), and the group must

be counted among the most developed invertebrates in ex-

istence. The octopus eye, which resembles that of most other

coleoid cephalopods, has in contrast to Nautilus a very well-

developed lens and superficially looks remarkably similar to

the eyes of vertebrates. The present paper compares the struc-

ture and function of the eyes of these two very different

cephalopods.

STRUCTUREOF THE EYE IN NAUTILUS
ANDOCTOPUS

The most obvious difference between the eyes of

Nautilus and Octopus is the complete lack of any dioptric

apparatus in the former genus. The pupil in Nautilus opens

directly to the sea, and the eye must act as a pin-hole camera.

The eyes of octopuses in contrast have well developed

spherical lenses, which, as in most fishes, have focal lengths

about 2.5 times their radius (Matthiessen's ratio) and are well

corrected for spherical aberration (Sivak, 1982; Sroczynski

and Muntz, 1985). The overall size of the eyes of the two

animals is, however, similar, and both animals have contrac-

tile pupils that are elongated in the horizontal direction

(Muntz, 1977; Hurley etal. , 1978). Figure 1 shows the general

appearance of the eyes of Nautilus pompilius Linnaeus and

Octopus vulgaris Lamarck.

Descriptions of the retinal anatomy of Nautilus can be

found in Barber and Wright (1969), Muntz and Raj (1984),

and Muntz and Wentworth (1987); and of Octopus in Young

(1962a, 1971) and Yamamoto et al. (1965). These papers also

give references to earlier work. Following convention, in this

paper the segments of the receptors facing the light, which

contain the photopigment, will be referred to as the distal or

outer segments, and the nuclear region as the proximal or

inner segment.

The basic elements of the retina in both Octopus and

Nautilus are the receptor cells, with distal segments consisting

of a central core from which the microvilli (which contain

the visual pigment) radiate outwards, and the supporting cells

with their processes lying between the receptor cell outer

segments (Figs. 2, 3). The packing of the receptor cells is

roughly similar in the two species. Thus, there are about

20,000 receptor cells mm-2 in N. pompilius, varying little over

the retina (Muntz and Raj, 1984), and between 18,000 and

55,000 mm-2
in O. vulgaris, depending on retinal position

(Young, 1971). Although basically similar, there are however

also a number of important differences between the two

species, which can be summarised as follows.
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(i) Transverse sections through the outer segments of

the retinal receptors of Nautilus show that there are usually

five or six (occasionally four or seven) bundles of microvilli

running out from each receptor body to the bodies of

neighbouring receptors. The receptors thus form a roughly

hexagonal array (Fig. 2a). The microvilli from neighbouring

receptors within a given bundle often interdigitate, although

the extent of this interdigitation is not clear. The processes

of the supporting cells run out in groups between these

bundles of microvilli.

In contrast in Octopus the receptor outer segments

form a rectilinear array, with the microvilli oriented vertically

or horizontally with respect to gravity (Fig. 3a). The

microvilli of each receptor remain strictly segregated from

those of the neighbouring receptors, with no interdigitation.

(ii) The structure of the supporting cells is quite dif-

ferent in the two animals. In Nautilus each cell has a number

of fine microvillous processes which project out between the

receptor outer segments in groups, whereas in Octopus each

supporting cell has a single process, which is much larger

and contains screening pigment. In the former animal the cell

nuclei of both the receptors and the supporting cells lie distal

to the basement membrane, whereas in Octopus the support-

ing cell nuclei lie distal and the receptor cell nuclei proximal

to the basement membrane.

(iii) In Nautilus the supporting cells have cilia, as well

as the microvillous processes that extend between the recep-

tors. It is not certain whether the receptor cells have cilia as

well. Ciliary structures have not been reported in the retina

of any other adult cephalopod, although the photosensitive

organs of many animals have receptors of ciliary origin, or

cilia, presumed not to be photosensitive, intermingled with

the receptors (Vanfleteren, 1982).

(iv) The inner segments of Nautilus photoreceptors

have complex myeloid bodies, which often have the ap-

pearance of a tubular structure, or a series of wavy plates

(Fig. 2). It has been argued that this apparently complex struc-

ture consists of a series of dimpled plates, stacked in register

above each other (Muntz and Wentworth, 1987). In Octopus

and the other coleoid cephalopods, the myeloid bodies are

reduced to a few membranous strands.

It is interesting that some of the characteristics by

which the Nautilus retina differs from that of adult octopuses

also have been found during the development of the embryos

of coleoid cephalopods. Thus in the cuttlefish Sepiella

japonica Sasaki, embryos have cilia on both receptor and sup-

porting cells, the nuclei of both the receptor cells and the

supporting cells lie distal to the basement membrane, and

the supporting cells send long microvillous processes out

among the whole length of the receptor outer segments

(Yamamoto, 1985). Work in progress shows a similar situa-

tion in the embryos of the Australian octopuses Octopus

pallidus Hoyle and O. australis Hoyle (Wentworth and Muntz,

unpub. data).

BEHAVIOURALSTUDIES

To date, no studies of vision have been carried out with

Nautilus using any form of learnt behaviour, and it is not

known how far the animals are capable of learning. However,

Nautilus shows two well developed forms of innate visual

behaviour, the positive phototactic response and the optomotor

response, which have been used to determine the animals'

visual acuity, and also their absolute and spectral sensitivities

(Muntz and Raj, 1984; Muntz, 1986, 1987).

As we should expect for an animal with an eye having

the simple optics of a pin-hole camera, visual performance

in Nautilus is very poor compared to that of animals with

lens bearing camera eyes. The minimum separable visual

acuity, for example, measured using the optomotor response,

lies between 5.5° and 11.25°, which agrees well with values

calculated on the basis of the gross dimensions of the eye

and pupil, and with expectations based on photographing a

visual test chart using a scale model of the eye (Muntz and

Raj, 1984). This can be compared with values of about 5'
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Fig. 2. Diagram of the structure of the retina of Nautilus, as seen in tangential

(above) and radial section (below). The diagram is not to scale: in particular

the horizontal dimensions have been exaggerated compared to the vertical

dimensions for clarity. The mean length of the distal segments is in fact about

360 fim, and of the proximal segments 100 ^m, and the mean centre to cen-

tre distance between adjacent receptors 3.5 nm: there is little variation over

the retina (bas.m., basement membrane; dist. , receptor distal segment with

microvilli radiating from a central core; pr.s., receptor proximal segment;

sup., processes of supporting cells; m.. myeloid body: on., optic nerves;

n.sup. , nucleus of supporting cells; n.ret., nucleus of retinal cell).

obtained with octopuses, various fishes and two aquatic mam-
mals (Table 1): even with the most favourable estimate of 5.5°

the performance level of Nautilus is over 60 times worse than

for these other aquatic animals.

By using the positive phototactic behaviour of Nautilus

it has also been possible to determine its absolute sensitivity

to tungsten light (Muntz, 19S7). In itself this result is not par-

ticularly useful, because the spectral output of the tungsten

source used was very different from that of the light to which

the animal will be exposed in its natural environment.

However, given a knowledge of the spectral transmission of

the water in which the animals live, the spectral quality of

the daylight reaching the surface of the sea, and the animals'

own spectral sensitivity, it is possible from these results to

Fig. 3. Diagram of the structure of the retina Octopus, as seen in tangential

(above) and radial section (below), from Young (1962a). Not to scale: in

fact the distal segments vary between about 60 /tm and 180 fim in length

depending on retinal position, while the proximal segments are about 90

long and the individual rhabdomeres about 5 in width (Young, 1962a)

(rh., rhabdome; pig., pigment granule at centre of rhabdome; ret., retinal

cell; l.m., limiting membrane; dist., distal segment of receptor; bas.m.. basal

membrane; pr.s., proximal segments of retinal cells; col.f., fine dendritic

collateral of retina cell; p.l., retinal nerve plexus; eff.. ending of efferent

fibre in retina; ep. . epithelial cell; n.sup., nuclei of supporting cells; sup.,

processes of supporting cells).

calculate the maximum depth at which surface light would

be visible at all to Nautilus. Reasonable estimates for the first

two factors are available, and the animals' spectral sensitiv-

ity was taken to be the same as the absorption spectrum of

its visual pigment (see Muntz, 1987 for details). It appears

that some daylight should be visible to Nautilus down to

800 m, which is slightly deeper than the maximum depth at

which the animal is found. This is, however, considerably

less than the maximum depth at which daylight should be

visible to deep sea fishes, which has been calculated by Clarke

and Denton (1962) as over 1000 m. Calculations based on

the dimensions of the Nautilus eye also indicate that Nautilus

will be less sensitive, by about 2 log units, than a fish or

cephalopod that has a camera eye with a lens obeying
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Matthiessen's ratio (Muntz and Raj, 1984).

Finally, the positive phototactic behaviour has also

been used to determine spectral sensitivity directly (Muntz,

1986). The sensitivity curve obtained agreed well with the

absorption spectrum of the extractable visual pigment, which

was itself well fitted by Dartnall's (1953) visual pigment

nomogram for an A,-based pigment with its maximum at

467 mm.
In contrast to Nautilus, octopuses learn visual

discriminations very readily, and a great deal of information

is now available on their visual capabilities (Wells, 1978;

Messenger, 1981 for reviews). Most of this work has con-

cerned higher visual functions, such as the ability to

discriminate shapes, the mechanisms by which such

discriminations are learnt, and the function of the various

parts of the central nervous system. Comparatively little work

has been done on the animals' more basic visual capabilities,

such as sensitivity or visual acuity, which are probably more

directly related to the optics of the eye and the structure and

function of the retina, and which can be compared to the data

that are available for Nautilus. In the case of sensitivity, for

example, there appear to have been no studies at all carried

out on coleoid cephalopods using learning, and only one study

involving innate behaviour, in which the spectral sensitivity

of Loligo pealei Lesueur larvae was measured using the

positive phototactic response in a manner rather similar to

that used with Nautilus. The results were also similar show-

ing a smooth bell-shaped spectral sensitivity curve maximal

at around 480 mmand compatible with a single visual pig-

ment (White, 1924).

A few behavioural studies have been carried out on

the visual acuity of octopuses. Thus Sutherland (1963), us-

ing a training situation, obtained an estimate of 17' for

Octopus vulgaris, and Packard (1969), using the same species

and the optomotor response, found that in very small

specimens ( < 3-22g) acuity improved with size. The most

recent studies on acuity in octopuses (Muntz and Gwyther,

1988a, 1989) used fully grown animals and a two choice

learning situation, and the stimuli were gratings of equally

spaced black and white stripes oriented vertically, horizon-

tally, or obliquely at 45°. The animals were trained to

discriminate these gratings from each other or from a uniform

gray stimulus, and visual acuity was taken as the separation

between the bars of the gratings where performance reached

chance levels. The results showed that the minimum separable

visual acuity of O. australis and O. pallidus is about 5' (Fig.

4). With gratings close to the animals' threshold, performance

with the vertical gratings was best, and with the horizontal

gratings worst, but the effect was not large.

The ability of Octopus pallidus and O. australis to

discriminate distances has also been determined behavioural-

ly, using the animals' tendency to attack the nearer of two

stimuli presented simultaneously (Muntz and Gwyther,

1988b). Assuming that the animals are using accommoda-

Table 1. Minimum separable visual acuities, in minutes of arc, of various aquatic animals measured behavioural-

ly using gratings. Learnt discriminations were used in all cases except Nautilus where the optomotor response

was used.

Species Acuity Reference

MAMMALS
Harbour seal

Phoca vitulina Linnaeus

Stellar Sea Lion

Eumetopias jubata (Schreber)

TELEOSTFISHES

Convict fish

Microcanthus strigatus (Cuvier and

Valenciennes)

Minnow

Phoxinus laevis Linnaeus

Skipjack tuna

Katsowomis pelamis Linnaeus

Little tuna

Euthynnus affinis (Cantor)

Cichlid fish

Aequidens portalegrensis (Hensel)

CEPHALOPODS

Nautilus

Nautilus pompilius

Octopus

Octopus pallidus

O. australis

8.3 Schusterman and Balliet, 1970

7.1 Schusterman and Balliet, 1970

4.9 Yamanouchi, 1956

10.8 Brunner, 1934

5.5 Nakamura, 1968

7.4 Nakamura, 1968

5.8 Baerends et al. , 1960

330-670 Muntz and Raj, 1984

5.0 Muntz and Gwyther. 1988a
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tion to estimate distance, which various tests indicated is the

most likely mechanism, the animals can detect blurring of

points on the retinal image comparable in size to a single

retinal receptor, and lens displacements of around 10 jiim.

Finally, training experiments have shown that Octopus

vulgaris can discriminate the plane of polarised light (Moody

and Parriss, 1961), and also it has been shown that two species

of decapod larvae orient themselves to the plane of polarised

light (Jander et al. , 1968). It is not known whether Nautilus

has this ability.

DISCUSSION

The evolution of the camera eye has attracted interest

ever since Darwin [1859 (reprinted 1958)] listed it as one of

the "organs of extreme perfection and complication", and

wrote that to believe that such organs could have been formed

by natural selection seems "absurd in the highest possible

degree". Darwin's solution to the problem was to suggest that

the eye must have arisen through numerous inheritable grada-

tions, each of which was useful to its possessor, and that while

strictly we should look for such gradations among the

animal's lineal ancestors, we are usually forced to look at

living species of the same group to see what gradations are

possible.

The eye of Nautilus could be taken as such a grada-

tion on the route to the complex eyes of the more recent

Visual angle (minutes)

Fig. 4. Visual acuity of Octopus, measured behaviourally for various stimulus

combinations. The animals weighed between 59 and 1134g. A. vertical

gratings against grey; +, horizontal gratings against grey; X, oblique gratings

against grey; vertical gratings against horizontal gratings. Data from Muntz

and Gwyther (1988a, 1989).

cephalopods. Even though Nautilus vision is poor, never-

theless its visual behavior is precise, in that in the optomotor

response they follow the stripes accurately without visible

lag, and in the phototactic situation if the difference between

the stimuli is well above threshold the brighter light is chosen

on every occasion. The eyes are also stabilised with respect

to gravity by means of the statocysts (Hartline et al. , 1979).

These facts suggest that vision is important to the animal.

It is not, however, clear what use they make of such poor

vision in their normal life. The habitat of Nautilus often has

strong currents, and the optomotor behaviour could be related

to holding station under these conditions. It could also be

that the positive phototactic behaviour is related to

bioluminescence, which is a major source of light at depth

in the sea. Nautilus is often trapped in association with deep

water bioluminescent shrimps, which also feed on decaying

animal material, and moving towards bioluminescence could

help take the animals towards their food. Finally, Nautilus

shows diurnal vertical migrations (Carlson et al. , 1984; Ward

et al. , 1984), and vision could be a factor in this behaviour.

Without further information on the normal behaviour of the

animals however, these remain speculations.

In the case of Octopus we have no behavioural evidence

on its visual sensitivity, although presumably it is considerably

better than that of Nautilus. The minimum separable visual

acuity of 5' for Octopus is comparable to that of fishes and

aquatic mammals (Table 1). Nevertheless, it is not clear why

the acuity is not even better than this. The retinal mosaic is

rather finer than necessary for the acuity that is in fact

achieved (Muntz and Gwyther, 1988a), and the pupil size is

large enough that diffraction will not be limiting. In Eledone

cirrhosa (Lamarck), another octopod, spherical aberration

is far less than would be needed to limit acuity to this level

(Sroczyriski and Muntz, 1985). Furthermore, terrestrial

animals can achieve much better acuities; in the case of

humans, for example, the minimum separable lies between

0.5' and V (e.g. Senders, 1948), and in the American kestrel,

Falco sparx'ernius Linne, the acuity, measured behavioural-

ly using square wave gratings, is 0.19' (Fox et al., 1976).

Since, however, the minimum separable acuity, measured be-

haviourally, has been found to be about 5' for all aquatic

animals where it has been measured, it could be the environ-

ment itself that is limiting. While not very many data are

available on the subject, it is clear that high spatial frequen-

cies are particularly heavily attenuated by the water body

itself, and it could be that the ability to resolve very fine detail

is consequently irrelevant (see Muntz, 1990 for further

discussion).

The ability of octopuses and other coleoid cephalopods

to discriminate the plane of polarisation of light is usually

attributed to the regular rectilinear array of the microvilli of

their receptors (Moody and Parriss, 1961). Nautilus lacks such

a rectilinear array. Nevertheless, the microvilli within any
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given bundle remain parallel to each other, and so plane

polarised light should still be able to affect the receptors dif-

ferentially, even though there would be no precise relation-

ship between the plane of polarisation and the receptors

stimulated. It would be interesting to know whether Nautilus

can show any differential response to polarised light.
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Complex learning in Octopus bimaculoides
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Abstract. In order to investigate complex learning in Octopus bimaculoides (Pickford and McConnaughey), I presented subjects with a series of com-

binations of mollusc shells. Combinations consisted of two shells of one type and an odd shell of another type. The shells were suspended in the octopuses'

home tanks, and the animals were rewarded with food for correctly grabbing the odd shell. Associative learning was demonstrated by the subjects' eventual

mastery (70 - 100% success rates) of each combination in a series (A+ B- B-), (C+ D- D-) ... By mastery of new combinations of the same stimuli,

(A+ D—D—), (C+ B— B—) subjects demonstrated transfer of learning. Learning improved across successive combinations, evidence for learning

set formation. However, because octopuses did not learn to choose the odd stimulus when trained only with non-repeating combinations, no evidence in-

dicated that the octopuses formed the relative class concept of oddity.

The demonstration of complex learning in cephalopods

could provide important insight into the evolution of cogni-

tion. Most research on complex learning has focused on

higher vertebrates. However, an ecological approach suggests

that complex learning could evolve whenever it was adap-

tively advantageous (Shettleworth, 1984). Several investiga-

tions have suggested a connection between complex learning

abilities and sociality (see Humphrey, 1976; Essock-Vitale and

Seyfarth, 1986). Wells (1978) has argued, however, that

because the predominantly solitary octopuses have no obvious

means of self defense and live in a highly competitive en-

vironment, they also could show complex learning. The ex-

periments reported here test this proposal.

I presented Octopus bimaculoides (Pickford and

McConnaughey) with three objects, two alike and one dif-

ferent, and rewarded them with small pieces of squid if they

grabbed the odd one. Using this methodology, I could pose

a series of problems differing in the complexity of learning

required for successful mastery.

The first question was, could the octopuses learn to

choose a particular shell, in repeated presentations of the same

combination? Simple associative learning of this sort has

previously been demonstrated with Octopus vulgaris (Cuvier)

(Wells, 1978).

The second question was, could the octopuses still pick

the correct shell if known shells were arranged into new com-

binations? Positive results would show transfer of learned

response tendencies.

Thirdly, as the animals gained experience in learning

shell combinations, would they improve at learning new but

similar tasks? An ability for learning to learn, or developing

a learning set, has not been shown previously in an in-

vertebrate, although the related task of learning reversals has

(Mackintosh, 1965; Morrow and Smithson, 1969).

Lastly, could the octopuses eventually generalize and

immediately choose the odd shell when presented with new

combinations? Generalization has been shown in tactile

discriminations for Octopus xnlgaris (Wells and Young, 1970).

This task is particulary significant because oddity is an

abstract concept, defined only in relationship to other ob-

jects and not by any attribute of the object itself. So far, only

higher invertebrates have shown evidence of forming such

relative class concepts (Thomas, 1980; Lombardi et al. , 1984;

Thomas and Noble, 1988).

METHODS

EXPERIMENTI

Subjects were three wild caught adults of undetermined

sex which had been living in the laboratory a full six months

before experiments began. In the laboratory, they were noc-

turnal and not easy to clock-shift. Therefore, experiments

were performed at night under red light.

The octopuses were trained initially to take small

pieces of frozen squid from a rod and, later, to grab a single

plastic triangle or square on the end of a rod to get a food

reward. On days when they were unsuccessful with dis-

crimination tasks, I fed them after trials using the rod alone,

up to their minimum daily intake.

Trials consisted of presenting three stimuli, two alike

and one different. Six different combinations were used

(Appendix 1). The combinations presented were composed

of mollusc shells varying in color, texure, and shape, except

for combinations four and five, which consisted of plastic

shapes which varied in both texture and shape.

I suspended the stimuli on nylon monofilament in the

American Malacological Bulletin, Vol. 9(1) (1991):75-80
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Experiment I Experiment II

Fig. 1. Apparatus for presenting combinations of shells. Location of the odd,

positive stimulus ( + ) was determined randomly. In Experiment I, the shells

were suspended on monofilament; in Experiment II, they were attached to

acrylic rods.

octopuses' tanks (Fig. 1). The location of the odd object was

determined randomly, with the constraint that in half of the

presentations it was in the front half of the tank, and in half

it was in the back. A subject was then given two minutes in

which to grab one of the stimuli. Responses were usually im-

mediate. A correct response was promptly rewarded with a

small piece of squid. I gave each subject eight trials per

learning session, ten to fifteen minutes apart, with two learn-

ing sessions per day, 11 sessions per week.

In Experiment I, each of the six combinations was pre-

sented for 11 sessions or until all subjects reached a success

rate of greater than 50% for three successive sessions. The

second combination was cut short because one of the shells

was shattered by a particularly vigorous grab. Octopuses were

then retested for two or three sessions with each familiar com-

bination. They were then each given an equal number of

presentations with three of eight arbitrarily chosen new com-

binations of the same, familiar stimuli. Positive, rewarded

shells remained positive and negative, unrewarded shells re-

mained negative; however, the particular combinations of

positive and negative stimuli were new.

Experiment I ran for a total of 119 sessions across 12

weeks. Response rates averaged 43% for the three octopuses.

For each octopus, sessions with fewer than two grabs were

eliminated from the study.

EXPERIMENTII

Subjects were three freshly caught Octopus bimacul-

oides, just reaching sexual maturity, one female and two

males. Initial training was carried out as described above.

Trials consisted of presentation of three stimuli, two alike and

one different, as before. All stimuli used were mollusc shells

(Appendix 2). Shells were presented in a line (Fig. 1) to cor-

rect for the location bias found in Experiment I. I gave the

octopuses ten trials each learning session, spaced five to ten

minutes apart, with one session per day, six days per week.

In this experiment, every combination presented to a

subject (each trial) was novel. Sixty pairs of shells were used,

with every type of shell presented both as a positively reward-

ed odd shell and as a negative pair, in order to control for

the possibility that subjects had attended to some attribute

other than oddity. Each type of shell was therefore seen by

the octopuses only twice within each week: once as a positive

single shell, and once as a negative pair of shells. The only

way to solve this problem successfully would be to employ

the relative class concept of oddity.

Combinations of shells were determined randomly

with the constraint that positive odd shells differed from the

negative pair by two of the three features of color, texture,

or type (bivalve or gastropod) (Appendix 2). Orders of

presentation and locations of the odd shells were randomized.

Simple reinforcement trials were given at the begin-

ning and end of each training session and randomly inter-

spersed among the oddity discrimination problems. These

trials consisted of presenting the octopus with the single

plastic triangle or square used in initial training. Octopuses

were rewarded for grabbing the shape (no choice or dis-

crimination was involved). Response rates in discrimination

tasks were 89% . To reduce any inadvertent cuing, beginning

with the second week of trials a gauze curtain was draped

between the experimenter and the octopuses, with red lights

only on the octopuses' side.

RESULTS

EXPERIMENTI

Performances of the three octopuses were statistically

indistinguishable (contingency table for three subjects ver-

sus correct or incorrect response: x
2 = 0.694, d.f. = 2, P

> 0.70). Results were therefore pooled.

Octopuses showed a strong bias towards objects in the

front of the tank in the first experiment (x
2 = 107.15, d.f.

= 1, P < 0.01); subjects grabbed front stimuli more frequent-

ly and less accurately. Response rates were low and not related

to success rates (Figs. 2, 3).

Could the octopuses learn to choose correctly one ob-

ject out of a combination with repeated presentations? Suc-

cess rates for the first combination, in terms of correct choices

as a percentage of total grabs (Fig. 2), showed clearly that

the combination was learned and retained. Despite the small

sample size and wide variability in performances, learning

curves for the first 11 sessions of all six combinations (Fig.

3) demonstrated that the octopuses were able to learn to

choose the correct object consistently.

Could they still choose the correct shell if known shells

were recombined in new ways? This task required the ability
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Fig. 2. Mean success rates (squares) (number of correct grabs as percen-

tage of total grabs) with standard errors and total number of grabs (diamonds)

across sessions, for the three octopuses on the first discrimination

combination.

to remember five (combination two had been broken)

simultaneous discriminations, or positive or negative at-

tributes of at least five of the ten different stimuli. Their high

success rate with the familiar arrangements shows good reten-

tion over this time period, and also shows that five

simultaneous discriminations can be mastered by these oc-

topuses. That they performed equally well on the original and

new combinations (t = 1.01, d.f. = 26, P > 0.20) is evidence

of transfer of learning (Fig. 4); they could use the learned

information about member shells of a combination in a new

context.

Could the octopuses improve at the task of learning

new combinations? Variability was too high and sample sizes

too small for comparisons to be made among slopes and in-

tercepts of the six learning curves in the series. However, per-

formances on days one and five (Fig. 5) (or for combination

two, the last two completed learning sessions) across the six

sequential combinations showed a trend toward improvement

in first-day performances. For the sixth combination, a second

observer was present on the first day and not on the fifth,

a difference that could have affected performances. A paired

comparisons test on all six combinations for the two days

showed significant effects for both day and combination (days,

F = 18.98, d.f. = 1,5, P < 0.01; combinations, F = 10.81,

d.f. = 5,5, P < 0.025). The octopuses thus both learned the

individual combinations and improved across the series. Sam-

ple sizes were too small to control for any effects of shells

(combinations 1-3, and 6) versus plastic objects (combina-

tions 4-5).

The last question was, could the octopuses generalize

and choose the odd object after learning a number of dif-

ferent combinations? Their very high success rates on day

one for the later combinations suggested that they might have

formed the relative class concept of oddity. Experiment II

was undertaken to explore this possibility further.
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Fig. 3. Mean success rates and standard errors for each of the six combina-

tions (n=3). Dotted lines indicate the total number of responses. Note the

above-random performance on all combinations, despite wide variation.
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five original combinations (n=13) and with eight new combinations of familiar

stimuli (n=15).



78 AMER. MALAC. BULL. 9(1) (1991)

EXPERIMENTII

Performances of the three octopuses were once again

statistically indistinguishable (contingency table for three sub-

jects versus correct or incorrect response: x
2 —0.132, d.f.

= 2, P > 0.90). Results were therefore pooled.

The performance of the octopuses in choosing the odd

object showed no clear improvement over time (Fig. 6). When
mean success rates are separated by week (or by natural

breaks), performances appeared slightly, but not significantly,

better than completely random (33%). The means by week

were 38, 36, 36, 47, and 40% (n=18).

The periodicity found in this learning curve (Fig. 6)

was unexpected. It did not correspond to the six session work

weeks and was not evident in all three individuals' per-

formances (Fig. 7).
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Fig. 5. Mean success rates and standard errors for days one and five for

each of the six sequential combinations.
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Fig. 6. Mean success rates (squares) with standard errors (n=3) and total

numbers of responses (diamonds) across sessions in Experiment II when

every combination presented was novel.

DISCUSSION

Octopus bitnaculoides, a small octopus from the

southern California coast, is a solitary, nocturnal predator,

feeding primarily on gastropods but also on bivalves,

polychaete worms, fishes, and crabs (Forsythe etal., 1984).

It lives in dens or burrows and interacts rarely with other

octopuses (Lang, 1990). Generations do not overlap, which

precludes the level of social learning available to even the

most solitary of mammals. Laboratory-reared octopuses have

the reputation of being slower to learn than those caught wild,

perhaps an indication that learning takes place normally in

their environment.

The particular tasks in these experiments do not relate

directly to any activities known to be performed in the wild.

However, they are comparable to experimental tests used to

assess cognitive abilities in a wide range of species (Thomas,

1980).

In Experiment I, the octopuses' mastery of the simple

task of learning to choose a particular shell after repeated

presentations of the same combination is clear evidence of

associative learning. This result is consistent with findings

for Octopus vulgaris (Wells, 1978) as well as other in-

vertebrates (Corning et ai, 1976).

Transfer of learning was also evident from per-

formances on new combinations of familiar stimuli, an in-

dication that their learning was not tightly dependent on con-

text. Whether they based their choices on learned positive

identities, learned negative identities, or both, cannot be deter-

mined from this experiment. However, response patterns sug-

gest that ihey did in fact learn both. The octopuses normally

sat in one of the top front corners of the tanks during trials.

During the first experiment, they quickly stopped swimming

to the far side of the tank (approximately an extra 20 cm)

in order to grab the far stimulus. Therefore, they had to decide

not only which stimulus to grab, but which stimuli not to grab,

since the two nearby shells might both be negatives. They

were highly successful at learning these discriminations, an

indication that they had, in fact, learned both positive and

negative shell identities.

That learning was retained over time was shown in the

transfer of learning trials. The octopuses' success rate with

the first combination was 80% , when retested after five weeks

of experience with other combinations. Informal observations

suggest that these animals might show retention even for

months.

Learning set formation, or learning to learn, implies

that something beyond recognition of objects has been

learned. It could be only to attend carefully to relevant stimuli.

Or, it could involve remembering previous choices and out-

comes so as to arrive more quickly at correct solutions.

Although learning set formation has not been shown previous-

ly in invertebrates, the related task of learning reversals has

been mastered by isopods (Morrow and Smithson, 1969) and
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by octopuses (Mackintosh, 1965). Now that learning set for-

mation has been indicated in octopuses, experiments with a

longer learning set (many more combinations) could make

comparisons with vertebrate species possible.

The results from the Experiment II showed no evidence

of octopuses learning the concept of oddity. The results were

surprising, after the octopuses' promising first day per-

formances towards the end of the learning set. It is possible

that more time was needed; the first experiment took place

across three months as opposed to only five weeks for the

second experiment. Or, it could be that repeated learning of

exemplars, as in the first experiment, could succeed where

the repeated novel presentations did not. It also could be that

the curtain used during the second experiment prevented cu-

ing that biased the first experiment.

The apparent periodicity in the learning curve for this

experiment has no clear explanation. The learning curves for

the first experiment also showed temporal variability in per-

formance, especially prior to mastery of the task, but no ap-

parent periodicities. Sanders (1977) has documented octopus

learning curves to be multiphasic, corresponding to possible

transitions between short- and long-term memory processes.

However, his experiments were examining retention of a

learned task across hours as opposed to performances of new

tasks across days. I expect that the pattern observed in this

experiment was simply an artifact of the small sample size

and short duration of the experiment.

There were a number of problems in Experiment I.

First, response rates were low, perhaps because, with so many

trials each day, the smallest practical food rewards still add-

ed up to more than their normal daily intake levels. Another

related explanation is that older, laboratory-habituated animals

seem to have smaller appetites and to be less responsive in

general. Second, choices during the first trial of each train-

ing session were significantly less accurate, as compared to

subsequent trials (x
2 = 22.884, d.f. = 7, P < 0.01). Results

from this experiment were therefore conservative. Third,

animals were significantly more likely to grab stimuli in the

front half of the tank. The experimental design was balanced,

however, for front and back placement of the odd object.

These three problems appeared to be addressed successfully

in Experiment II by switching to a linear presentation, pro-

viding simple reinforcement trials at the beginning of each

session, limiting trials to ten per day, and using younger,

freshly caught animals.

Clearly, octopuses are capable of some forms of com-

plex learning. While it remains to be seen if these octopuses

can master a relative class concept such as oddity, these ex-

ploratory experiments suggest that the abilities underlying the

formation of a learning set have evolved in an invertebrate,

as well as in vertebrates (Pearce, 1987). They provide fur-

ther evidence for convergences in function despite divergences

in physiology between invertebrates and vertebrates (Packard,

1972; Corning et al, 1976).
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APPENDIX 1

Combinations in Experiment I

Combination 1 : Noetia ponderosa (Say) ( + ) , Anomia simplex Orbigny ( —)

.

Combination 2: Anomia simplex Orbigny (+), Chione cancellata (Linne) (—).

Combination 3: Aequipecten gibbus (Linne ) ( + ), Mercenaria mercenaria

(Linne) (-).

Combination 4: White square plastic grid (3x3x1 cm) (+), white square

flat plastic chip (3 x 4 x .4 cm) (—).

Combination 5: white PVCadaptor fitting, threaded by slip, six-sided middle

section (2.9 x 4 cm) (+), white PVC pipe section (4.1 cm diam. x 1.6

cm width) (— ).

Combination 6: Crassostrea virginica (Gmelin) ( + ), Busycon contrarium

(Conrad) (-).

APPENDIX 2

Combinations in Experiment II

Trials in Experiment II consisted of presenting combinations of three

shells, two of one species and one of another. Species were chosen random-

ly with the constraint that the two types of shells of a combination must

differ on two of three features (texture: l=smooth, 2=ridged. 3=pointed;

type: l=gastropod, 2=bivalve or slipper; color: l=light, 2=dark,

3=patterned).

Species included were: Aequipectin gibbus (Linne) (2,2,3); Amphi-

dromus entobaptus (Dohrn) (1,1,1); Anadara brasiliana (Lamarck) (2,2,1);

A. ovalis (Bruguiere) (2,2,1); A. ovalis (Brugiere) (2,2,1); Anomia simplex

Orbigny (1,2,1); A. simplex (1,2,1); A. simplex (1,2,2); Argopecten sp. (2,2,1);

A. sp. (2,2,2); A. sp. (3,2,3); A. sp. (2,2.3); Area zebra Swainson (2,2.3);

Architectonia nobilis Roding (2.1,3); Babylonia areolata (Link) (1,1,3); Bursa

sp. (3,1,3); Chicoreus cichoreum (Gmelin) (3,1,3); Chione cancellata (Linne )

(2,2,3); C. cancellata (2,2,1); C. cancellata (2,2,1); C. cancellata (2,2,1);

C. paphia Linne (2,2,3); Conus pulcher Lightfoot (1,1,1); Crassostrea

virginica (Gmelin) (1,2,2); C. virginica (2,2,1); C. virginica (1,2,2); C.

virginica (2,2,1); Crepidula fornicata (Linne) (1,2,1); C. fornicata (1,2,1);

C. fornicata (1,2,2); C. fornicata (1,2,1); Dodinia discus (Reeve) (1,2,1); Eicus

subintermedia (Orbigny) (1,1,1); Geukensia demissa (Dillwyn) (2,2,2);

Helicostyla sp. (1,1,3); Haliotis asinia Linne'(l,2,2); Liguus virineus (Linne)

(2,1,3); Lucina pectinata (Gmelin) (2,2,1); Marisa cronuarietis (Linne)

(1,1,3); Melongena corona Gmelin (3,1,3); Mercenaria mercenaria (Linne)

(1,2,1); Murex fulvescens Sowerby (3,1,1); Natica sp. (1,1,1); N. stellata Chenu

(1.1.1) ; Noetia ponderosa (Say) (2,2,1); N. ponderosa (2,2,1); N. ponderosa

(2.2.2) ; Oliva sayana Ravenel (1,1,1); O. servicea Roding (1,1,3); Phalium

granulatum (Born) (1,1,3); Pitar morrhuana (Linsley) (1,2,2); Pleuroplaca

sp. cf. glabra (Dunker) (2,1,1); Sinum perspectiuum (Say) (1,2,1); Sisula

solidissima (Dillwyn) (1,2,1); Tagelus plebius (Lightfoot) (1,2,1); Tectarius

cf. Coronatus Valenciennes Gmelin (3,1,3); Telescopium telescopium (Linne)

(1,1,2); Tellina alternata Say (2,2,1); Trachycardium egmontium (Shuttleworth)

(2.2.1) ; T. egmontium (2,2,2); Turbo sp. (1,1,1); T. sp. cf. petholatus Linne'

(1.1.2) ; Turritella sp. (2,1,3); Vexillum rugosum (Gmelin) (2,1,3).



Mating behavior of the freshwater pulmonate snail, Physa gyrina
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Abstract. The typical mating sequence of freshwater pulmonate snails includes mounting, positioning, preputium eversion. intromission and dismount-

ing. Previous studies report that sperm recipient behavior is passive or absent, and fecundity increases with size. I examined the mating sequence, mate

rejection and fecundity of Physa gyrina (Say) removed from the Fenway in Boston, Massachusetts. Mate rejection occurred in any of four stereotypical ways:

1) shell swinging; 2) shell jerking; 3) increasing distance to the gonopore; 4) making head/preputium contact. The jerking behavior corresponds to what

others described as sham copulation. Shell swinging was similar to parasite escape behavior. Fecundity increased with the size of sperm recipients but decreased

with the size of sperm donors. Differences in methodology could explain discrepancies in the interpretation of mating behavior among studies.

Many studies have been conducted on the reproduc-

tive biology of freshwater pulmonate snails (Basom-

matophora; Geraerts and Joosse, 1984). Several behavioral

studies, however, have reported conflicting observations

within and among closely related taxa. This variation could

be due to genetic variation and phenotypic plasticity, as well

as differences in research methodology. The most complete

information on basommatophoran reproductive behavior is

for the sister families Lymnaeidae and Physidae. Physid snails

have been studied recently in terms of predator induced life

history shifts (Crowl, 1990; Crowl and Covich, 1990),

macrophyte herbivory (Sheldon, 1987), sperm storage

(Wethington and Dillon, 1991), parasite defense strategies

(Townsend and McCarthy, 1980) and mate choice patterns

(T. J. DeWitt, unpub. data).

Physa (=Physella) gyrina (Say) is widely distributed

(Clarke, 1981) in lentic environments, especially where pollu-

tion or high temperatures exclude other snails (Clampitt, 1970;

Harman, 1974). Physid snails, like lymnaeids, are herma-

phrodites that usually cross fertilize but are capable of self

fertilization (Colton, 1918; R. M. DeWitt and Sloan, 1959).

Although the male genital tract can mature briefly before that

of the female, it is unclear as to whether physids are ever

functionally protandric (Duncan, 1959). Furthermore, snails

can receive sperm regardless of the sexual maturity of female

tracts, but can not oviposit (Duncan, 1959).

Peak breeding in the field for Physa gyrina is reported

to occur from April through June in Iowa (Clampitt, 1970)

and Michigan (R. M. DeWitt, 1955), although mature snails

collected any time of the year will breed in the laboratory

as long as water temperature exceeds 10°C (R. M. DeWitt,

1955). This corresponds to the April to May peak reported

for P. fontinalis Linne by Duncan (1959) at a similar latitude.

In this paper, I report observances taken on the

reproductive behavior of Physa gyrina removed from the field.

I examined the typical mating sequence, mate rejection, and

fecundity. Conflicting reports on mating behavior within and

between pulmonate snail species could be due to research

methodology.

METHODS

On six independent occasions between February and

May 1990, 300-500 snails were collected from the same loca-

tion in the Fenway in Boston, Massachusetts (NW of Beth

Israel Hospital). Snails were collected between 1200 and 1600

hours. Dip nets were used to collect litter from the bottom

of the Fenway (1-1.5 mdepth). Snails were removed from the

litter, by hand, to a bucket containing Fenway water. On all

occasions, Physa gyrina made up over 98% of snail fauna

[other species, in order of abundance, included Planorbella

campanulata (—Helisoma campami latum) (Say) and

Stagnicola elodes (—Lymnaea palustris) (Say)]. Each collec-

tion, including all specimens, was brought back to the

laboratory and placed in an aerated, filtered 38 / aquarium

with approximately 20 / of water (half from the collection

site, the other half was conditioned tap water). Population

densities were greater than, but similar to those observed in

the field during collection. Snails were kept at 20°C near a

natural light source. They were fed canned or boiled

vegetables (carrot, pea, chick pea). This diet was supple-

mented by unidentified algae in the aquaria.

Preliminary observations of snails were made to define

criteria for successful versus failed copulation. Criteria I used

to define successful mating were that 1) the sperm donor was

in place at the shell margin of the recipient; 2) the preputium

was placed in the immediate area of the gonopore; 3) the

seminal vesicle within the preputium contained a milky

American Malacological Bulletin, Vol. 9(1) (1991):81-84
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substance; 4) no agonistic behavior occurred within the first

30 seconds of mating.

TREATMENT1

After approximately 18 hours from the time of collec-

tion, interacting Physa gyrina pairs were observed. As soon

as the nature of each interaction was determined, pairs were

removed and measured from the shell apex to the most distal

portion of the shell margin. Sperm recipients from successful

matings were removed to mason jars for a week and the

number of eggs they laid was recorded. This continued until

12 successful matings were observed on each of the six oc-

casions (72 observations total).

TREATMENT2

An additional 90 Physa gyrina pairs were observed as

in treatment one. In treatment two, however, pairs were not

interrupted, but allowed to finish their interactions.

Fig. 2. Stereotypical mate rejection behavior by sperm recipients, a) shell

swinging, b) shell jerking, c) increasing distance to gonopore, d) head/

preputium contact.

RESULTS

The sizes of sperm donors and recipients in treatment

one were 7.32 ± 0.96 and 7.90 ± 1.12 (mean ± sd), respec-

tively. The generalized mating sequence for Physa gyrina was

similar to that described for Lymnaea stagnalis (Linne' ) (van

Duivenboden and Maat, 1988), a closely related taxon, ex-

cept that it occurred more rapidly. The sequence of successful

mating included mounting (mate selection?), positioning,

eversion of the preputium, intromission and dismounting.

This process was sometimes interrupted by mate rejection

but lasted approximately 10-20 minutes when successful

(Fig. 1).

Rejection of mates was observed to occur in four

Mounting

Positioning

Eversion of preputium t>

Mate rejection

Shell swinging

Shell jerking

Increasing distance

to gonopore
Head/preputium contact

Intromission

Dismounting

Fig. 1. Mating sequence of Physa gyrina. Thickness of arrows approximates

the frequency that path is followed.

stereotypical ways (Fig. 2). In order of decreasing frequen-

cy, intended sperm recipients performed 1) shell swinging,

2) shell jerking, 3) shell positioning such that sperm donors

could not reach the gonopore, 4) head to preputium contact

("biting").

Shell swinging was characterized by a 180-270° left and

right twisting of the shell about the stationary foot. Shell jerk-

ing was rapid contraction of the shell toward the foot, with

gradual release. This was generally repeated several times

until the preputium was withdrawn. Shell positioning by in-

tended sperm recipients occurred such that the distance from

their shell margin to their gonopore was increased, effectively

placing the gonopore out of reach of the sperm donor's

preputium. I could not observe whether head to preputium

contact included radular action but think it likely given that

physid snails rarely cease radular movement and that the reac-

tion from sperm donors was always immediate, violent

withdrawal of the preputium, usually followed by immediate

dismount. The first three forms of agonistic sperm recipient

behavior generally resulted in two or three re-attempts at

mating by sperm donors before they dismounted.

I commonly observed chain copulations of up to five

snails, acting alternately as sperm donors and recipients.

Furthermore, triads were observed on three occasions while

collecting in the field. Polyandrous copulation, which has only

been clearly described (among basommatophorans) for Physa

fontinalis (Duncan, 1959), was not observed.

The range of snails observed to oviposit in this study

was 6.3-10.9 mm. Larger sperm recipients proved significantly

more fecund (R 2 for log transformed data = 0.58, p a/2
=

0.0001). However, the size of sperm donors was negatively

correlated with sperm recipient (log transformed) fecundity

(pearson correlated coefficient = -0.44, p a/2 < 0.01), even
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when the size of sperm recipients was controlled for (partial

correlation coefficient = -0.34, p a/2
= 0.025).

DISCUSSION

Describing the mating behavior of freshwater

gastropods can be accomplished by field or laboratory studies.

The former may be made difficult by turbid water, detritus,

invasiveness of techniques used to locate snails and low pro-

bability of finding mating pairs. For these reasons, laboratory

investigation is usually employed. This is acceptable if it is

reasonable to believe organisms are behaving as they would

in the field. Observations from field studies generally con-

cur with laboratory findings (e.g. R. M. DeWitt, 1954b).

However, it is likely that the laboratory techniques employed

affect the behavior of animals being studied, and account for

some of the variation in reported behavior.

R. M. DeWitt (1954a) reported 7 mmas the minimum

size at which Physa gyrina would oviposit. However, this

research of P. gyrina, and studies on other physids, suggest

that the size at first oviposition varies among populations and

species (Duncan, 1959; Clampitt, 1970; McMahon, 1975;

Crowl, 1990). This variation could be due to physical

variables such as temperature (McMahon, 1975) and plastic

life history strategies. P. virgata (Gould) (Crowl, 1989; Crowl

and Covich, 1989) is induced, by the presence of crayfish

(predators), to delay reproduction until larger size is

attained. I have observed similarly varied life history patterns

in P. heterostropha Say in streams with and without goldfish

in New York (unpub. data).

R. M. DeWitt (1954a) reported a lack of chain copula-

tions in Physa gyrina. However, I observed chain copulation

in the laboratory and field. Chain copulations have been

reported for laboratory populations of several other freshwater

pulmonates (e.g. Barraud, 1957; Duncan, 1959).

My observation of increasing fecundity as a function

of snail size concurs with work on several freshwater

pulmonates (e.g. R. M. DeWitt, 1954b; de Wit, 1955; Hunter,

1975; McMahon, 1975). However, this is the first report that

the size of sperm donors is negatively correlated with the

fecundity of sperm recipients. It will be interesting to see if

studies employing different methods obtain similar results.

The data from the present study do not allow me to address

why larger sperm donors could have suppressed sperm recipi-

ent fecundity.

Many studies report that females are passive during

mating (R. M. DeWitt, 1954a; Duncan, 1959). Van Duiven-

boden and ter Maat (1988) state "characteristic female mating

behavior is absent". I observed several stereotypical female

behavior patterns which I interpret to be mate rejection (Fig.

2). Two of these correspond to behavior reported by other

investigators. Shell swinging is similar to weak parasite

avoidance reported for Physa fontinalis in response to

chemicals from predatory leeches (Townsend and McCarthy,

1980). Shell jerking is similar to the description of "false

coupling" given by Barraud (1957) and "sham copulation"

given by van Duivenboden and ter Maat (1988) for Lymnaea

stagnalis. Barraud (1957) describes false coupling as when

the female gonopore remains unoccupied while the preputium

is bent around her shell margin, despite contorted retractions

of the female. Van Duivenboden and ter Maat describe sham

copulation as "characterized by strong withdrawal of the

forepart of the female, after which she relaxes again... while

the preputium remains in place (under the female shell margin

—not in the gonopore)." Barraud (1957) report that males

may move away without copulation after this event and that

copulation was seldom successful. Van Duivenboden and ter

Maat (1988) report that nearly all copulations were eventual-

ly successful but "sham copulations occur frequently

(> 50% of the pairs)".

I believe the phrase "sham copulation" could be a

misnomer because the interpretation as mate rejection is

strongly supported in this study and that of Barraud (1957).

Natural selection should provide strong selection pressure for

successful copulatory mechanisms between conspecifics

(Ridley, 1983) unless there is a benefit to unsuccessful mating

behavior. Let us examine potential costs and benefits of sham

(or unsuccessful) copulation. The only benefit I could

associate with sham copulation would be the ethological argu-

ment that the practice is valuable for future "true" copula-

tion. Noland and Carriker (1946) show that prior experience

increases copulatory success in Lymnaea stagnalis. However,

later studies by Barraud (1957) and van Duivenboden and ter

Maat (1988) refute this. Costs of "sham copulation" could

go beyond time and energy expenditure. Predation risk may

be greater for animals in a pair versus solitary animals (e.g.

Gammarus pulex (Linne); Ward, 1986]. Thus, the value of

sham copulation is dubious. I suspect that the long period

of isolation used in many studies made sperm donors less

willing to give up copulation attempts, thereby reducing the

occurrence of successful mate rejection and delaying or

preventing straightforward copulation.

Researchers often use the isolate-unite technique (e.g.

Noland and Carriker, 1946; Barraud, 1957; Duncan, 1959;

van Duivenboden and ter Maat, 1988) to study the reproduc-

tive behavior of gastropods. This protocol is effective for

stimulating copulation, but could lead to overlooking

phenomena of more realistic situations for field populations

(e.g. mate choice). The protocol could introduce artifact

problems as well [e.g. sperm deprivation during isolation

evenutally leads to initiation of self fertilization (van Duiven-

boden, 1983), thereby reducing receptivity to mating].

It is probable that a more generalized view of mating

behavior in gastropods can be obtained by supplementing the

isolate-unite technique with studies using multiple wild-caught

snails in as close conditions to their natural environment as
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possible (i.e. population density, water, temperature, light,

etc.). The use of focal pair sampling (perhaps videotaping)

would also be more likely to yield valuable details on mating

over multiple pair observation (e.g. van Duivenboden and ter

Maat, 1988). The suggested techniques allow elucidation of

structured mating, mate rejection and other phenomena oc-

curring in wild populations.
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Abstract. Monthly collections of Aplysia brasiliana Rang were made at South Padre Island, Texas over an 18 month period. Seasonal changes in distribu-

tion of weight classes support the existence of a maximum life cycle of approximately 1 year. Large numbers of juveniles in spring collections are produced

by the reproductive activities of overwintering adults or possibly recruitment of larvae from other areas. The spring recruitment is followed by the disap-

pearance from the population by large overwintering specimens. Spring juveniles increase in size and weight by late summer. Early fall collections yielded

no specimens. A minor period of secondary recruitment can occur during late fall or early winter. Winter collections, when successful, yielded reduced

numbers of large adults.

A number of investigations conducted on naturally oc-

curring aplysiid populations have centered upon duration of

life cycles, seasonal changes in size or weight, reproductive

activities, and recruitment into the population by recently

metamorphosed juveniles (Miller, 1960; Carefoot, 1967;

Usuki, 1970; Audesirk, 1979; Sarver, 1979; Gev etai, 1984).

Following a review of these studies, Carefoot (1987) concluded

that, while considerable variation does exist in some species,

most sea hares do, in fact, exhibit an annual life cycle.

This conclusion is consistent with current information

for the sea hare Aplysia brasiliana, which is common to the

Gulf of Mexico (Strenth and Blankenship, 1978a). For Florida

populations of A. brasiliana, both Krakauer (1969) and

Hamilton et al. (1982) concluded that this species exhibits

a life cycle of approximately one year. Krakauer's (1969) con-

clusions relative to A. brasiliana (as A. willcoxi Heilprin)

were, however, based upon only a one year series of collec-

tions of relatively small sample sizes. The study by Hamilton

et al. (1982) was based upon large sample sizes but unfor-

tunately was limited to the months of March through June.

Krakauer (1969) also characterized the life cycle of A.

brasiliana in Florida as having "two waves of settling" with

a major "spawning period" in late March and early April.

Following several years of preliminary field work, this study

was undertaken in an effort to clarify the life cycle of A.

brasiliana.

METHODS

Collections were made on a continuous monthly basis

in the south Laguna Madre at South Padre Island, Texas, at

depths of < 1 m, from July, 1977 through December, 1978.

All known habitats of Aplysiajyrasiliana were established dur-

ing preliminary field work in 1975 and 1976. While each of

these habitats was surveyed during each trip, collection tech-

niques and success varied with the season. Winter and spring

collections were most productive during early morning low

tides. These low tides trapped nocturnally active specimens

in shallow grass flats which are common along the western

coastal margin of the island. Recently metamorphosed

juveniles were collected in the spring from artificial habitats

of broken concrete, brick and stone, which had been deposited

near the east abutment of the old causeway. During summer

months, swimming specimens were collected with dip nets

at night near the lights of fishing piers located along the

western side of South Padre Island. Specimens were also

found on rocks of the boat slip at the Coast Guard Station

and the channel side of the north jetty. Following collection,

specimens were weighed to the nearest gram.

RESULTSANDDISCUSSION

DURATIONOF LIFE CYCLE
The results (Fig. 1) of this study support the existence

of a maximum life cycle of approximately 1 year for Aplysia

brasiliana at South Padre Island, Texas. Summer collections,

such as those of 1977, were generally characterized by the

presence of specimens in the 50 to 300 gm weight range.

These animals increased in size and weight during the late

fall and winter. By March of the following spring (Fig. 1),
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Fig. 1. Numbers of specimens of Aplysia brasiliana in each 50 gm weight class of monthly collections at South Padre Island, Texas from Juby, 1977 through

December, 1978.

the population was characterized by specimens in the 250 -

600 gm range. The marked appearance of large numbers of

recently recruited juveniles in the April, 1978 collection, as

well as moderate numbers of large specimens in the 450 -

700 gm size, clearly revealed the overlap of generations.

These very large specimens were absent from the popula-

tion by the following month. Similar life cycle lengths have

been reported by Carefoot (1967) for A. punctata Cuvier, by

Audesirk (1979) for A. califomica Cooper, and by Usuki (1970)

for A. kurodai (Baba) and A. juliana Quoy and Gaimard.

RECRUITMENT
The results of this study (Fig. 1) confirm the presence

of a major period of recruitment of recently metamorphosed

juveniles during the spring of the year. The April, 1978 col-

lection clearly revealed the marked appearance of large

numbers of specimens in the 1 - 50 gm weight class. The

presence of specimens weighing less than 50 gm in the col-

lections of June, July and August of 1978 initially suggested

a continuous 5 month period of recruitment. This does not,

however, appear to be the case. Based upon field observa-

tions made during 1975, 1976 and 1977, the spring recruit-

ment of 1978 appeared unusually large. Hundreds of swim-

ming specimens were observed in May. Small to medium
sized specimens were very abundant on the rocks of the jetty

and Coast Guard Station.

A marked decline in numbers of specimens was evi-

dent by early summer and, despite an extensive collecting

effort, the July collection resulted in only 22 specimens. It

appears that the unusually large spring recruitment of 1978

was followed by a mid-summer crash in the population. While

the June, July and August collections were characterized by

specimens under 50 gm, there were no specimens in the 1

- 10 gm range which had characterized the April collection.

The small specimens present in the June, July and August

collections of 1978 were therefore considered to be spring

recruits which were unable to increase in size due to com-

petition, rather than recent recruits to the population. Col-

lections made during the summer of 1977 (Fig. 1) as well as

those of 1976, appear to support this conclusion. These col-

lections were characterized by specimens in the 50 - 300 gm
range, as well as the absence of smaller specimens in the 1

- 50 gm range. The summer collections of 1977 are therefore

considered typical for this species.

The presence of one 12 gmspecimen as well as several

others weighing less than 50 gm in the November, 1977 col-

lection (Fig. 1) supports the existence of a minor period of

secondary recruitment during the late fall or early winer. The

life cycle of Aplysia brasiliana at South Padre Island appears

to be characterized by the presence of a major period of spring

recruitment followed by a very minor period of secondary

recruitment during late fall or early winter. Usuki (1970)

reported similar findings for A. kurodai in the Sea of Japan.

Aplysia brasiliana appears to exhibit a relatively high

reproductive potential during much of its life cycle. Upon cap-

ture, specimens were observed to engage readily in copulatory

and egg laying activities throughout most of the year. Despite

this fact, recruitment is clearly not a continual process. Re-

cent life history studies (e.g. Sarver, 1979; Gev et ai, 1984)

have established the relationship of the seasonal abundance
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of select algal species with the timing of metamorphosis and

subsequent recruitment of juveniles into naturally occurring

populations of various aplysiid species (see Carefoot, 1987,

for review).

Mature veliger larvae of Aplysia brasiliana readily

metamorphose in the presence of the red alga Callithamnion

and, to a lesser degree, Polysiphonia (Strenth and Blanken-

ship, 1978b). While Callithamnion can be found throughout

most of the year (Sorensen, 1979), it reaches its maximum
abundance at South Padre Island during March (Penn, 1974).

This seasonal abundance of Callithamnion just precedes the

major period of recruitment of juvenile A. brasiliana into the

population in April. While many additional environmental

factors should be considered, it appears possible that this

seasonal peak of Callithamnion could be a major contributing

factor in the timing of the spring recruitment of juvenile A.

brasiliana at South Padre Island, Texas.

SEASONALOCCURRENCE
The disappearance of specimens from otherwise

normally occupied habitats during the months of September

and October (Fig. 1) appears to be a normal aspect of the

life cycle of Aplysia brasiliana at South Padre Island.

Krakauer (1969) also failed to collect specimens of this species

in Florida during this same time period. Studies on other

aplysiids have reported similar decreases in numbers of

specimens during the fall of the year. Audesirk (1979:413)

reported a "nearly total disappearance of animals" for A.

californica during October, November and December. Gev

et al. (1984:69) reported that "The Aplysia season ends in

September" for A. depilans Gmelin and A. fasciata Poiret

along the Mediterranean coast of Israel. Both Audesirk (1979)

and Gev et al. (1984) related this noticeable drop in numbers

of specimens during the fall of the year to the decline of one

year class, which in turn is replaced by the succeeding

generation.

Results obtained during the course of this study do not

support the above premise as it relates to Aplysia brasiliana

at South Padre Island. While some minor recruitment

could occur during November or December following the

absence of collectable fall specimens, there is no major shift

in modal weight class during the fall such as that observed

for the month of April, 1978 (Fig. 1). In addition, average

weights of specimens increased from August to November

during both years. The average weight during 1977 increased

from 139 gm (N = 131) in August to 220 gm (N = 142) in

November. During 1978, the average weight increased from

67 gm (N = 91) in August to 206 gm (N = 26) in November.

The demonstrated presence of continual weight increase in

specimens from August to November, as well as the absence

of large numbers of recently recruited juveniles in the

early winter collections, serve to support the existence of a

standing population of A. brasiliana which is character-

ized by slight to moderate increases in size of individual

specimens rather than a population undergoing decline and

replacement.

A suitable explanation to account for the location of

specimens during September and October does not appear

forthcoming from observations made during the course of this

study. While discounting reproductive migration in general,

Carefoot (1987:204) states that the theory of feeding migra-

tions is often "attractive in that it accounts for seasonal gaps

in abundance." Neither the theory of reproductive migration

nor that of feeding migration appear to provide a feasible ex-

planation (see below) to account for the disappearance of

Aplysia brasiliana at South Padre Island during the early fall

of the year.

Aplysia brasiliana is a known burrower (Aspey and

Blankenship, 1976). Individual specimens could be under-

going continual or prolonged intermittent periods of burrow-

ing in the soft substratum of the south Laguna Madre during

September and October. It should be emphasized that this

hypothesis is conjectural and not supported by field work.

It should be noted, however, that decreased foraging activities

by burrowed A. brasiliana during September and October

could possibly facilitate a rebound in the standing crop of

Callithamnion, which in turn could account for the secondary

period of recruitment during late fall or early winter.

MIGRATION
In his review of migration theory as it relates to life

cycles of aplysiids, Carefoot (1987:203) states that "This

theory of migration has fallen into disfavour from lack of sup-

porting evidence". While individual specimens were observed

to exhibit localized movements in association with foraging

behavior, the current study provides no support for the migra-

tion theory as it relates to Aplysia brasiliana at South Padre

Island, Texas. This could be due in part to the somewhat con-

fined nature of the south Laguna Madre as well as the

presence in the lagoon of both adult food {Laurencia and

Gracilaria) as well as metamorphosing substrata (Callitham-

nion and Polysiphonia) for developing larvae. Juveniles and

adults were collected from the exact same habitats during dif-

ferent times of the year.

While specimens of Aplysia brasiliana are found oc-

casionally beached on the Gulf of Mexico side of the island,

the nature of the offshore substrate does not appear to favor

the attachment of suitable benthic marine algae. Consequently,

the immediate offshore environment of South Padre Island

appears to offer little if any favorable habitat for completion

of all or part of the life cycle of A. brasiliana. While not

surveyed in this study, deeper off-shore reefs are known

habitats (Tunnell and Chaney, 1970) for A. brasiliana and

could provide for variations in life cycles not observed dur-

ing the course of this study.
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CONCLUSIONS

The results of this study are consistent with and sup-

port the conclusions of both Krakauer (1969) and Hamilton

et al. (1982) that the maximum length of the life cycle of

Aplysia brasiliana is approximately one year. This species

exhibits a major period of recruitment during the spring

followed by a marked loss of large overwintering specimens

from the population. A minor period of secondary recruit-

ment can occur during late fall or early winter. The reason

for the absence of collectable specimens during the early fall

currently remains obscure.
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Sententia

Variation in sense organ design and associated sensory

capabilities among closely related molluscs

P. V. Hamilton

Department of Biology, University of West Florida, Pensacola, Florida 32514, U. S. A.

Abstract. Knowledge of ontogenetic and interspecific variation in structural and functional properties of an organ is prerequisite to establishing valid

generalizations about the organ's role within a group. However, for many molluscan sense organs, generalizations have become established with minimal

knowledge of such variation. Review of data on the gross structure, optical properties and visual responses of 44 gastropods provides a clear example of

this problem. Lens structures range from crystalline to gelatinous, with concomitant differences in refractive index, and degree of structural and optical homogeneity.

Refractive index measurements from differential interference microscopy indicate that gastropod lenses could be partly or completely corrected for spherical

aberration. Photoreceptor separation distances vary from about 3 to 25 urn, and photoreceptor abundances from about five to 100,000 per eye. Estimates

of anatomical resolution vary from 0.25 to 14 degrees, and overlap considerably with values for arthropods and vertebrates. Visual responses range from

simple taxis to the ability to detect an object's orientation. Reviews of data on the structure and function of opisthobranch rhinophores, and on scallop eye

structure, also reveal greater variation than is typically appreciated. More attention must be given to variation in molluscan sense organ structure and function

in order for this field to develop more fully.

The field of molluscan biology has been expanding its

horizons over the past quarter century from its earlier em-

phasis on studies of taxonomy, shell morphology and anatomy

(Solem, 1974), to greater exploration of life histories,

ecological relationships, and behavior. Although few scien-

tists with formal training in animal behavior specialized in

studying molluscs 20 years ago, this is no longer true. Most

animal behaviorists are still attracted to the more rapidly mov-

ing arthropods and vertebrates, but cephalopods have always

presented a unique challenge, and the value of certain

gastropods as neuroethological models has attracted numerous

neurobiologists and some behaviorists, especially those in-

terested in a reductionist approach. A computer search of

literature citations dealing with the behavior of molluscs clear-

ly demonstrates the rapid expansion of this subdiscipline (Fig.

1). More than 7,600 citations in Biological Abstracts have in-

cluded information about molluscan behavior or sensory

biology over the past 20 years, and the current rate of in-

crease is about 500 citations per year.

The usual pattern of development in many biological

subdisciplines is for initial studies to be conducted on one

or two easily obtained species thought to be typical of a group,

and for initial generalizations to be developed for the group

based on the findings obtained for these 'type' species. Later,

as is required for any field to mature, significant efforts must

be directed toward consideration of a broad range of species.

Information from comparative studies provides opportunities
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Fig. 1. Number of publications dealing with the behavior or sensory biology

of molluscs, as a percentage of all publications dealing with molluscs, over

the past two decades. These data are based on a computer search of Biological

Abstracts, and should be considered only an approximation of the general

trend.

to determine the phylogenetic limits of plasticity in the group,

and often leads to revision of generalizations for the group

and reconsideration of whether the initially studied species

are indeed typical of the group.

Despite the substantial body of information already ac-

quired on the behavior and sensory biology of molluscs, this

American Malacological Bulletin, Vol. 9(1) (1991): 89-98
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knowledge base is limited in several critical ways. Much of

the information contained in the 7,600 citations noted above

concerns just a handful of species, and the levels of in-

trageneric and intrafamilial variation have been hardly ex-

amined. In other cases intragroup variation has been examined

and found to be considerable, but this does not seem widely

appreciated. And finally, some of the 'type' species recog-

nized by early investigators of molluscan behavior and sensory

biology do not seem particularly representative in the con-

text of the broader base of knowledge available today. Col-

lectively, these factors would limit the validity of generaliza-

tions made about the behavior and sensory biology of any

animal group. However, this is especially true for molluscs,

as they have undergone an extensive adaptive radiation into

a wide range of habitats, and they exhibit substantial plasticity

in sense organ structure and behavior (Seed, 1983; Audesirk

and Audesirk, 1985).

It seems, therefore, that substantially more attention

needs to be given to the variation that exists within molluscan

groups in the areas of behavior and sensory biology in order

to resolve these problems and allow this field to achieve a

more mature level of development. The goal here is to con-

vince the reader of that viewpoint by examining three selected

examples involving a range of taxonomic levels. First, eye

structure and the behavioral function of vision in the entire

Class Gastropoda will be reviewed in some detail. Then,

briefer comparisons will be made of the structure and ap-

parent behavioral function of a pair of head tentacles termed

'rhinophores' in the gastropod Subclass Opisthobranchia, and

of the structure of the eyes in the bivalve Family Pectinidae

(scallops).

GASTROPODEYESANDVISUALLY
MEDIATEDBEHAVIOR

The primary example involves vision in gastropod

molluscs. It has been traditional for zoologists (e.g.

Messenger, 1981) to recognize three structural grades of eyes

among the Gastropoda:

a) the open cup or pit eye, in which the intraocular

space is unfilled and not isolated from the surrounding

medium by a cornea (e.g. Patella);

b) the filled cup eye, in which a gelatinous (and hence

low refractive index) material fills the intraocular space, but

in which a cornea is lacking (e.g. Haliotis);

c) the closed cup eye, in which a soft or hard lens is

present in the intraocular space, and in which a cornea is

present (e.g. Nerita, Strombus, Littorina).

Recognition of three grades of structure in gastropod eyes

can describe, at best, but three points within what is a wide

range of ocular designs. Furthermore, because two of the

three traditionally recognized grades are exhibited only by

quite primitive gastropods (e.g. Patella, Haliotis), this three

grade scheme cannot reflect adequately the range of varia-

tion present in gastropod eyes.

Land (1981, 1984) and Cronin (1988) have reviewed cer-

tain aspects of eye structure and optical properties in in-

vertebrates, or particularly in molluscs, and limited efforts

have been made to tabulate data on gastropod eyes (Zunke,

1978; Messenger, 1981; Land, 1984). Although many excellent

studies have been made of retinal ultrastructure and

neurophysiological responses, these studies have tended to

provide incomplete or no information about whole eye struc-

ture or, importantly, the eye as a complete optical system.

Thus, there are fewer published data than some might suspect

on which to base any general conclusions about gastropod

vision. A more detailed comparative view of eye structure

in this group is provided here (Table 1) by pooling most of

the published data, which covers about 32 species, with

previously unpublished data on an additional 12 species.

Few authors who have studied gastropod eyes have

reported retinal surface areas, or photoreceptor separation

distances, abundances, and densities. Thus, most of the data

in Table 1 are derived from my computations based on il-

lustrations and data included in the references cited. Average

intraocular diameter is the mean of the major axis (distance

from pupil to retina along optic axis) and the minor axis

(distance between opposite retinal surfaces along a line per-

pendicular to the major axis and mid-way along it). Retinal

areas were computed based on an ellipsoidal model, using

the major and minor axes described above, with subtraction

of that portion of the ellipsoid's total surface area corre-

sponding to the aperture, where no photoreceptors are

located. In most cases, photoreceptor separation distances

were obtained directly from an author's measurements or il-

lustrations. However, for Pterocera (—Lambis) lambis (Linne)

and Aplysia californica Cooper, the separation distances used

here are 1 ^m greater than the indicated photoreceptor

diameters; this adjustment corresponds to a minimal thickness

of supportive cells separating adjacent receptors. Receptor

knowledge base is limited in several critical ways. Much of

the information contained in the 7,600 citations noted above

concerns just a handful of species, and the levels of in-

trageneric and intrafamilial variation have hardly been ex-

amined. In other cases intragroup variation has been examined

sides whose length equals the receptor separation distance).

A hexagonal model matches the actual spatial positions of

photoreceptors seen in ideal sections taken tangential to the

inner retinal surface, for a variety of gastropods (e.g.

Hamilton et al., 1983). Receptor densities were computed

from retinal area and receptor abundance values. For lens

sizes, a single value is given for spherical lenses, and the order

of the two values listed for oblong lenses represents the lengths

parallel and perpendicular to the optic axis, respectively. Shell

length was used as a measure of body length, except in species

where the shell is clearly reduced or absent. The length
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Table 1. Variation in eye structure among selected gastropod molluscs.

Taxon Adult Mean Retinal Receptor Receptor Receptor Lens Reference/Source

Length Intraoc. Area Separ. Abund. Density Diam.

(mm) Diam.(/j.m) (mm2
) Dist.(/mi) (mm" 2

) (/mi)

PROSOBRANCHIA
Haliotis discus Reeve 150 840 1 .703 10.0 1900

J

I 1 5 5 A
I I jOU n/

a

i onosaKi ( iyo /

)

Turbo castanea Gmelin 16 514 0.555 2.7 OAO/1 A8984U 1 A 1 OQA16198U 7.Q5 _L5oJ T a

Neritina reclivata (Say)
1 c
1 !i

7/1 QZ48 a i^iU. lol J 1 5 J J JD4U 115 J.iJJT a

Littoraria irrorata (Say) 19 155 A 1 AA
U. 1U9 1 A4.4 OJOJ ZTA/I 7A0U4 /U 1 7 A. Unmiltnn s>t si) ( 1 GCX\riarniiion ex cii. (1"oj)

Littorina littorea (Linne) 22 I4.-S
a nci 1 7 A1Z.U 4 1

J

l l u iNcweii ( i yoj

)

Tectarius muricatus (Linne) IV 1 /o U.U /4 4. J /to i n4Z 1

U

1 A 1 a

Strombus luhuanus Linne 40 1 1 84 3.025 6.0 A7A7A9/UZU 77AQA 717
/ 51 umary (iv/4), omary ana

Gillary (1979)

Pterocera lambis (Linne) 90 1023 2.893 12.0 23200 8020 1023 Prince (1955)

Lioplax pilsbryi Walker 28 220 0. 12

1

5.5 46 1U 1 0l 1 A5al lU lojxi 3U a

Pomacea paludosa (Say)
ca
51) JOl a 775

U. / IJ A A4.U jjy4u 77 1 7A/Z 1 /u /I /I Av 7.7744UXjZZ a

Elimia curvicostata (Reeve) 15 103 0.028 4.5 1 £AA16UU 57A7 A 1 1 7 v 1 A/I
1 1 ZX 1U4 a

Marginella sp. 9 120 0.031 6.5 835 27330 102 a

Nassarius vibex (Say) 13 197 0.085 6.9 2050 24250 150x165 a

Melongena corona (Gmelin) 76 273 0. 166 7.9 3075
IOC tA
loj IU Z 1 5xl /

J

a

OPISTHOBRANCHIA
Bulla gouldiana Pilsbry 50 327 0.285 12.

5

2110 7390 300x225 Jacklet and Colquhoun (1983)

Aplysia brasiliana Rang 178 507 0.613 16.0 2765 4510 388x297 a

A. calif ornica Cooper 216 471 0.572 16.0 2585 4520 A CA« ^ AA45UX4UU Jacklet and Geronimo (1971),

Herman and Strumwasser (1984)

Hermissenda crassicornis 5 jjxMJ Mensaas el al. (1969)

(Eschscholtz)

interna diomedea (Bergh) 5 l CA„ 1 7A
1 jUX 1 jU Cnase (19/4)

Mean for 16 nudibranchs
o
!S

57 rlugnes ( I y

Dl TT A/f/"vKT ATA

Melampus bidentatus Say 1

3

101 a a i oU.U1

8

7 A
1 .4 5 ID 7 1 7 1 AZ 1 Z 1U

£i v i AA6JX1 UU a

Lymnaea stagnalis (Linne) 28 140 0.050 10.0 585 1 1 <C1 A
1 161U 1 1 A., 1 AA

1 1UX1UU Moll ( \ y 1 5)

Biomphalaria glabrata (Say) 17 212 0.121 14.8 640 5290 163x131 Schall and Baptista (1990)

Strophocheilus sp. 120 350 0.338 23.8 690 2040 291x240 Oswaldo-Cruz and Bernardes (1982)

Euglandina rosea (Ferussac) 63 177 0.083 5.0 3825 462 10 175x150 a

Helix aspersa Miiller 36 231 0.134 6.3 3890 29120 225x200 Eakin and Brandenburger (1975),

Brandenburger (1975)

Succinea putris (Linne) 17 97 0.026 14.7 145 5490 60x70 Zunke (1978)

Limax flavus Linne 88 209 0.132 15.0 680 5160 145x175 Kataoka (1975. 1977)

Agriolimax reticulatus Miiller 43 94 0.013 20.0 40 3150 87x67 Newell and Newell (1968)

+ = Additional lens protrusion through aperture, a = Based on author's previously unpublished observations.

values used were those stated in the references indicated in

Table 1 or, when authors failed to indicate the sizes of the

animals studied, those given as average adult sizes in ap-

propriate basic references.

Starting at the largest scale, one can consider the

relative sizes of the eyes in adults of various species. Figure

2 shows the relationship between the mean diameter of the

intraocular space and the body length of adults for 26 species

distributed among three subclasses. Two points are clear from

this analysis. First, the size of the intraocular space varies

fairly widely among gastropods, with Strombus luhuanus

Linne having an average intraocular diameter more than 1

2

times greater than Agriolimax reticulatus Miiller. Second,

average intraocular diameter is significantly correlated with

body length when all three subclasses are pooled together

(r=0.43, P=0.030), and for the subclasses Prosobranchia

(n=14, r=0.62, P = 0.019) and Pulmonata (n = 9, r=0.75,

P =0.0 19) when analyzed separately. Opisthobranchs were

not analyzed separately because reasonable measures of in-

traocular diameter are available for only three species.

Gastropod eyes can be positioned within a substantial peri-

optic sinus, as in littorinids (Newell, 1965; Hamilton et al. ,

1983) , or they can be closely surrounded by connective

tissue, as in Aplysia californica (Herman and Strumwasser,

1984) .

As would be expected, lens size (as measured by area

in mid-saggital section) is highly correlated with average in-

traocular diameter (r=0.87, P<0.0001) and the amount of
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Fig. 2. Relationship between the mean diameter of the intraocular space

and the adult body length of 26 gastropods from three subclasses. The species

associated with the outlying points are identified. Significant positive cor-

relations also exist for just the prosobranchs (n=14) and just the pulmonates

(n=9).

retinal surface area (r=0.97, P< 0.0001). The abalone Haliotis

discus Reeve lacks a lens, as reportedly do Trochus and Patella

(Hilger, 1885), but the eyes of all other gastropods surveyed

here have a lens or lens-like material located in the intraocular

space. Optical properties of lenses are influenced partly by

their shape. Lens shapes vary from spherical or nearly so,

as in the littorinids, strombids and Lymnaea, to ellipsoidal,

as in various prosobranchs, the aplysiids and most pulmonates

(Table 1). Some amount of vitreous material is present

between the lens and retina in most species, although Dorsett

(1986) suggests this is not the case. Past confusion concern-

ing the presence or absence of vitreous material in the eyes

of various species could have been due to the susceptibility

of vitreous material to dissolution during histological pro-

cessing (Charles, 1966; Hamilton etal., 1983).

The lens of Aplysia californica was originally il-

lustrated as being spherical, and fdling the entire intraocular

space (Jacklet et al., 1972). This report led logically to the

conclusion that its eye could not form a sharp image

(Messenger, 1981; Dorsett, 1986) because of insufficient

distance for light rays to be brought to focus on the retina

(Land, 1981). However, the illustration in Jacklet etal. (1972)

is based apparently on an earlier section of the eye in which

no aperture was visible, indicating that the section was oblique

rather than longitudinal (Jacklet, 1969). A more recent study

by Herman and Strumwasser (1984) has shown clearly that

the A. californica lens and intraocular space are quite ellip-

soidal, as is the case in A. brasiliana Rang. This finding will

hopefully stimulate reconsideration of the visual capabilities

of this species.

In addition to these general shape patterns, the lenses

of some gastropods exhibit unique shape variants. The

opisthobranch Navanax (=Aglaja) inermis (Cooper)

possesses a distinctly bilobed lens, the function of which is

unknown (Eskin and Harcombe, 1977). In the eye of Turbo

castanea Gmelin, a portion of the lens protrudes through the

aperture, and this protrusion of the lens has a shorter radius

of curvature than the main body of the lens located within

the intraocular space. Because the focal length of a curved

refractive surface is directly proportional to its radius of

curvature, the protruding portion of lens causes the entire

T. castanea lens to have a shorter focal length than it would

otherwise have, making focus of light on the retina more like-

ly. A wider field of view should also result from this 'fish-

eye' lens, but this is probably less significant for T. castanea.

Similar lens protrusions were described for Turbo creniferus

Kiem. and Nerita polita Linne (Hilger, 1885), and Neritina

reclivata (Say) also possesses a distinct lens protrusion.

Gastropod lenses vary considerably in hardness. The

literature contains numerous pictures of shattered lenses, and

it appears that hard lenses are more common than soft lenses

in gastropods. However, exact description of lens hardness

is difficult, and besides apparent lens hardness (as indicated

by degree of shattering when sectioned) seems to be in-

fluenced somewhat by the fixative and embedding medium

used when processing eyes for histological examination

(Hamilton et al. , 1983). Hardness is generally correlated with

refractive index, a physical property directly relevant to vi-

sion. Authors have frequently noted a concentric pattern of

stain uptake by gastropod lenses (e.g. Newell, 1965; Jacklet

and Colquhoun, 1983; Gibson, 1984), and have inferred from

this that such lenses vary concentrically in composition, and

presumably refractive index. Gibson (1984) reported that

polyhedral subunits, apparently composed of protein, were

packed more densely towards the lens center in Ilyanassa

obsoleta (Say).

Refractive index patterns or gradients within lenses or

other structures can be measured exactly from frozen sec-

tions using differential interference microscopy. Land has suc-

cessfully employed this technique with various invertebrates

(e.g. Land and Burton, 1979), although data for the lenses

of gastropods have not previously been published. In this

technique, the distance that an interference fringe is displaced

at any given point depends upon the refractive index at that

point, as well as light wavelength and specimen thickness,

both of which can be controlled.

Preliminary data for the marsh periwinkle, Littoraria

irrorata (Say), reveal a distinct refractive index gradient within

its spherical lens, which is only 170 /mn in diameter (Fig. 3).

[Reid (1986) moved this species from the genus Littorina.]

This gradient closely matches the theoretical gradient required

for complete correction of spherical abberation (the curve

in Fig. 3; based on Fletcher et al., 1954), a major source

of potential image degradation. Preliminary data obtained for

the ellipsoidal Aplysia brasiliana lens also indicate a refrac-

tive index gradient, ranging from about 1.40 at the periphery

to about 1.51 at the core. The Turbo castanea lens varies in
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Fig. 3. Refractive index values at different points in the 170 /xm diameter

spherical lens (f/r=2 .71) of the marsh periwinkle, Littoraha irrorata, as

measured using differential interference microscopy. The curve indicates the

refractive index gradient required for perfect correction of spherical aber-

ration in a spherical lens (f/r=2.70) surrounded by a medium whose refrac-

tive index is 1.365, which is the average value of cornea and vitreous material.

refractive index from 1.40 at the cornea to 1.45 near the lens

center, so even soft lenses can have refractive index gradients.

The optical significance of a refractive index gradient is

unclear for species with relatively soft lenses, and lenses with

non-spherical surfaces. Substantial spherical aberration could

exist in such eyes, or spherical aberration could be eliminated

if corneal surfaces are parabolic, instead of spherical. In ad-

dition to reducing spherical aberration, refractive index gra-

dients also produce a shorter-than-expected focal length, a

result which could be as or more important in some species.

Gastropod eyes also vary substantially in retinal and

photoreceptor properties (Table 1). Nudibranchs must be con-

sidered separately because they clearly exhibit extreme reduc-

tion of the eye. For example, Hughes (1970) found that 16

species of nudibranchs had an average of only eight (8)

photoreceptors per eye. A survey of the 26 non-nudibranch

species on which data are available reveals that retinal areas

vary from 0.013 mm2 (Agriolimax reticulatus) to 3.025 mm2

(Strombus luhuanus), a factor of about 230 times. Most

gastropods' photoreceptors contain few or no melanin pig-

ment granules, and so contrast strongly with supportive cells.

The photoreceptor counts or estimates reported in the

literature have been obtained by various methods. My data

on photoreceptor size and spacing have been obtained from

sections tangential to the inner retinal surface. As shown in

Table 1, adjacent photoreceptors are separated by distances

varying from 2.7 fim (Turbo castanea) to 23.8 /*m

(Strophocheilus sp.) Photoreceptor abundances per eye vary

from 40 (Agriolimax reticulatus) to 97,020 (Strombus

luhuanus), a factor of about 2,500 times. These photoreceptor

abundance values should be viewed only as estimates because

at least some gastropods possess two or more receptor types,

and these may not be easily distinguished at the light

microscope level. Also, photoreceptor densities are known

to differ in different regions of the retina in Littoraria irrorata

(Hamilton et al. , 1983) and Aplysia californica (Herman and

Strumwasser, 1984).

Variation in lens or retinal properties can even be

substantial within a family or genus. The greatest variation

encountered thus far appears to be among the littorinids.

When compared with Littorina littorea (Linne), Littoraria

irrorata has twice the retinal area and a three times shorter

receptor separation distance, which results in almost 16 times

more receptors per eye (Table 1). L. irrorata is active in air,

while L. littorea appears principally active when submerged

in water. That difference in behavioral ecology is probably

associated with the substantial difference in eye structure,

because the degree to which light is refracted at the cornea

depends greatly upon the refractive index of the surrounding

medium. Tectarius muricatus (Linne), another littorinid, is

active in air. Although it has a retinal area intermediate be-

tween the other two littorinids, it has a receptor separation

distance and total receptor abundance that are much more

similar to the littorinid active in air, L. irrorata. These

similarities in retinal design are related presumably to the

higher light levels present in air. Unfortunately, the data

available for the eye of Littorina scutulata Gould (Mayes and

Hermans, 1973) do not allow evaluating the eye as an optical

system.

Variation in eye structure in littorinids can be explained

by differences in behavioral ecology, but the situation is less

clear in other cases of variation between closely related

gastropods. Within the Strombidae, Strombus luhuanus and

Pterocera (=Lambis) lambis have similarly sized eyes, but

S. luhuanus has twice as closely spaced receptors and hence

four times more receptors than P. lambis. The receptor which

Prince (1955) illustrated for P. lambis is 6 /mi in diameter;

however, he indicated that the average receptor diameter is

11 /xm, and his estimate of total receptor density ("something

approaching" 10,000/mm 2
) generally agrees with the estimate

in Table 1, which is based on a receptor separation distance

of 12 fim. Both strombid species are active in shallow water.

S. luhuanus is about half the size and travels almost nine times

more slowly than Pterocera (=Lambis) lambis (Berg, 1974),

yet the S. luhuanus eye seems capable of resolving greater

detail. Berg (1974), who studied ten strombids, noted

specifically that S. luhuanus seemed "to be able to sense

the position" of a predatory cone snail, but he did not

speculate on the sensory modality involved. No obvious dif-

ferences are apparent in eye structure between the two Aplysia

species listed, beyond the disagreement mentioned earlier

about shape of intraocular space and lens. This is somewhat

surprising because the species seem to exhibit basic behavioral

differences. A. brasiliana is an excellent swimmer and is ac-

tive principally at night. In contrast, A. californica apparently

does not swim at all, and is diurnally active in the lab and

field; whether it may also be nocturnally active under
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natural conditions remains unknown (Hamilton, 1986;

Leonard and Lukowiak, 1986).

Vision in various species can most accurately be com-

pared, not by any of the numbers in Table 1, but rather by

knowing the resolving power of the eye. Several factors can

influence resolution, but one useful estimate of resolution is

the angular separation of adjacent receptors relative to the

'optical center' of the eye (the posterior or proximal nodal

point). Resolution measures or estimates have been published

for Littorina littorea (Newell, 1965), Littoraria irrorata

(Hamilton etal., 1983), Strombus luhuanus (Land, 1984),

Haliotis discus (Land, 1981), Biomphalaria glabrata (Say)

(Schall and Baptista, 1989), and Strophocheilus sp. (Oswaldo-

Cruz and Bernardes, 1982), and reasonable estimates can be

computed for a few other gastropods. These resolution values

are given in figure 4, along with comparative data for selected

arthropods and vertebrates from Kirschfeld (1976). Clearly

the resolving powers possessed by gastropod eyes exhibit a

wide range, and they overlap considerably with the resolv-

ing powers of arthropod and vertebrate eyes.

As Audesirk and Audesirk (1985) suggests, the assump-

tion that vision plays only a minor role in gastropod behavior

has had an inhibitory influence on careful studies of visually-

mediated behavior in this group. It is commonly believed that

the structurally-simple eyes of gastropods only mediate sim-

ple phototaxis or skototaxis, orientation toward or away from

light or dark areas, respectively. However, critical experiments

have rarely been done that could allow discrimination between

true phototaxis or skototaxis, and form vision, however crude

or simple. Hopefully, the existing collection of anecdotes and
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weakly founded assertions about gastropod vision will even-

tually be replaced with carefully obtained data delineating

their visual capabilities.

Standardized behavioral measures of visual detection

have been obtained for four of the gastropod species discussed

here (Hamilton and Winter, 1982, 1984), and these compare

well with the previously mentioned anatomical resolution

measures and estimates (Fig. 5). Also, it is clear that at least

Littoraria irrorata can distinguish details of an object's orien-

tation; it preferentially moves toward a vertical black stripe

on a white background when presented with horizontal or

diagonal stripes having equivalent width and contrast

(Hamilton and Winter, 1982). Because the L. irrorata eye is

not qualitatively different from that of many other gastropods,

it could well be that other species can distinguish such visual

detail too. Both Tectarius muricatus and Turbo castanea show

some ability to discriminate target orientation (Hamilton and

Winter, 1984). An unblocked view of the sky is required for

Aplysia brasi liana to maintain its swimming direction, which

suggests sensitivity to complex visual cues (Hamilton and

Russell, 1982a).

In summary, the assortment of optical tricks en-

countered in the eyes of various vertebrates, including fish

eye lenses and lenses with refractive index gradients, are also

found among gastropods. This high degree of variation in

gastropod eyes should not be viewed as counter-intuitive. The

fishes, for example, are less diverse in habitat and general

morphology than the gastropods, yet their eyes exhibit an ex-

tensive range of adaptations correlated with habitat and

behavioral strategy (Lythgoe, 1980; Fernald, 1988). As Land

(1981) has noted, there is no clear break within the range of

resolving powers exhibited by the eyes of animals. There real-

ly is no such thing as an image forming eye as distinct from
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a non-image forming eye. There are only degrees of need for

visual detail among animals, and degrees of image quality

provided by eyes. For gastropods and other invertebrates,

assumptions about vision, based on vertebrocentric biases,

need to be replaced by more hard data and a genuine com-

parative perspective.

OPISTHOBRANCHRHINOPHORES

This is one of the most obvious cases of unappreciated

variation in molluscan sensory biology, and a classic exam-

ple of why biologists should avoid assigning names to struc-

tures that are based on assumed functions. The rhinophores

are a pair of tentacles located near the eyes on the dorsal sur-

face of the head, and hence in the same location as the pair

of tentacles termed the 'cephalic tentacles' in prosobranch

gastropods. The name 'rhinophore' literally means bearer of

the nose or nasal sense. This name appears to have been

coined by Bergh (1879), who worked principally with the

predatory nudibranchs, a group in which the rhinophores do

seem involved in distance chemoreception in many species.

MacFarland's (1966) treatise on opisthobranchs beautifully

illustrates the structural diversity of nudibranch rhinophores.

In many species, rhinophoral sheaths are present, as well as

numerous lamellae projecting laterally from a central axis.

The greatly increased surface area provided by the lamellae

is itself suggestive that nudibranch rhinophores have a chemo-

sensory function in this carnivorous group.

However, if one takes a more comparative approach,

and looks at other opisthobranch taxa, it is clear that other

feeding strategies exist, and that the so-called rhinophores

can have a variety of different structural features and sen-

sory functions. In the herbivorous Aplysia, for example, each

rhinophore has a simple gross structure, with no basal sheath

and no lamellae. A pigmented groove on the distal half of

the rhinophore receives most of the innervation (Fig. 6; from

Ronan, 1990). Despite this much simpler gross structure,

aplysiid rhinophores have been implicated in chemorecep-

tion, mechanoreception (touch, waves, currents) and even

photoreception (Frings and Frings, 1965; Jahan-Parwar, 1972;

Audesirk, 1975; Chase, 1979; Jacklet, 1980; Hamilton and

Russell, 1982b). It could be that variation exists in rhinophore

sensory function, even among Aplysia species, since substan-

tial variation exists in morphology, activity rhythms and swim-

ming behavior among aplysiids (Eales, 1960; Hamilton,

1986).

Inadequate appreciation for the variation in rhinophore

morphology, feeding strategy and key behavioral traits be-

tween nudibranchs and other opisthobranchs has led to the

incorrect assumption that the sensory functions associated

with the rhinophores of a predatory group (the nudibranchs)

automatically apply to other opisthobranch groups. A general

under-appreciation for diversity within opisthobranchs could

Fig. 6. External view showing the pigmented groove (PG) of the Aplysia

brasiliana rhinophore (left), and internal view showing the rhinophoral nerve

(RN) and its innervation pattern (right), based on analysis of serial sections

(from Ronan, 1990, with permission). A fully extended rhinophore is

15-20 mmlong in adults.

be partly responsible for this problem, but the literal mean-

ing of 'rhinophore' is probably the primary factor. Begin-

ning ethologists are taught the importance of selecting names

for the discrete behaviors included in an ethogram based on

spatial and temporal features of the movement pattern in-

volved, rather than on the presumed adaptive function of the

behavior. For example, the cyclic lateral movement of the

siphon which appears when various neogastropods become

alerted to a prey's proximity would be named something like

'siphon waving' rather than 'odor searching'. Anatomists are

presumably taught some similar rule, and certainly the 'issue'

of opisthobranch rhinophores would be less confused today

if such a standard had been followed in the 1800's. The con-

fusion that the term rhinophore has caused over the years sug-

gests that we could be better off just referring to these

opisthobranch structures as cephalic tentacles, as we do for

the seemingly homologous paired tentacles of prosobranch

gastropods. Admittedly, the term 'tentacle' suggests a tactile

sensory function, but mechanoreception seems a general pro-

perty of virtually all such structures, regardless of what ad-

ditional sensory capability they can exhibit.

SCALLOPEYES

Scallops (family Pectinidae) are swimming bivalve

molluscs which possess about 60-100 eyes distributed along

the mantle edges. The detailed studies of Land (1965) on

Pecten maximus (Linne) revealed the presence of a unique

double-layered retina in each eye, and an equally unique
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system dependent upon a refleetor at the rear of the

eye, whose surface is described as spherical. Importantly,

Land's analyses show little or no space between the rear of

the lens and the retina, or between the retina and the reflec-

tive argentea. This is in contrast to Dakin's (1928) earlier

study of Pecten maximus, which reported a space between

the lens and retina about 20% of the eye's length. Butcher

(1930) found no space between the lens and retina of Pecten

(^Argopecten) gibbus (Linne) but he found a space occupy-

ing about 40% of the eye's length between the retina and

argentea of this species. In a preliminary study of the eye

of Argopecten irradians (Lamarck), Wooters (1989) found a

space having a similar size and location to that reported by

Butcher, and an argentea which appeared more parabolic than

spherical. Finally, considerable variation exists in the sizes

of the eyes possessed by individuals in at least some scallop

species. This variation could be due to differences in

developmental or regenerative growth, but this appears

unstudied with the exception of Butcher's (1930) work on

Pecten (=Argopecten) gibbus. Perhaps the apparent inter-

specific differences in scallop eye structure are due to different

investigators describing eyes at different growth stages in dif-

ferent species.

As with gastropod molluscs, any genuine interspecific

differences in scallop eye structure could also be associated

with differences in behavior or ecology. Argopecten irradians

are found in water less than 4 mdeep, particularly in beds

of the seagrass Hiallasia, whose blades reach as high as

0.4 m above the bottom. In contrast, A. gibbus and Pecten

maximus are both found in water deeper than 10 m, typically

on substrata consisting of sand and shell fragments. Hence,

these three scallops differ in the amount of biologically rele-

vant visual detail in their environments, as well as in water

depth and associated light characteristics. How these habitat

differences or behavioral traits could be associated with dif-

ferences in eye structure is unknown. Wooters (1969) found

that A. irradians orient visually toward grassbeds when

released in sand patches adjacent to grassbeds, but little is

known of the behavioral role of vision in other scallops.

In summary, detailed comparative studies need to be

completed to determine exactly what ontogenetic and in-

terspecific variation exists in scallop eye structure and op-

tical properties. Although the eyes of the various scallop

species seem generally similar, the available information on

eye structure suggests that some interspecific differences could

exist in optical properties, especially as regards focal point

position and the degree of spherical aberration. Insufficient

attention to interspecific variation can easily lead to confu-

sion, and possibly even errors in interpretation. For exam-

ple, McReynolds and Gorman (1970) studied the elec-

trophysiological properties of the eye of Pecten (^Argopecten)

irradians, but included a "Pecten eye" diagram based on

Dakin's (1928) illustration of the eye of Pecten maximus. It

seems prudent to exercise caution in extrapolating structural,

physiological and behavioral results across scallop species

until detailed comparative studies are conducted.

CONCLUSION

This review of gastropod vision, opisthobranch

rhinophores and scallop eyes demonstrates that there exists

considerable variation in sensory system design and

capabilities among molluscs, even within families or genera.

In the case of gastropod eyes, considerable progress has been

made in documenting substantial variation, and the problem

seems that the observed variation is underappreciated. In the

case of scallop eyes, interspecific variation has barely been

documented, yet preliminary results encourage detailed com-

parative study in the future. The case of opisthobranch

rhinophores seems somewhat intermediate; appreciation that

the function implied by the name rhinophore might not apply

to many opisthobranchs has existed at least since Arey (1918),

yet little progress has been made toward obtaining a satisfac-

tory comparative view of the behavioral and ecological cor-

relates of the variations in structure found in this group.

Additional evidence of substantial interspecific varia-

tion will likely be obtained eventually for other sense organs,

such as the statocyst and osphradium. Statocyst structure has

been examined for a modest number of molluscs (Budelmann,

1988), but the possible behavioral-ecological correlates of

observed structural diversity have hardly been explored. The

literature contains some interesting and apparently paradox-

ical cases which beg for analysis. For example, the benthic

gastropod Pomacea paludosa (Say) possesses about 3,000 sen-

sory cells in its statocyst, while a mere 13 cells are present

in the statocyst of Aplysia limacina de Blainville (=A. fasciata

Poiret), which is one of the many aplysiids which has been

reported to swim as well as crawl on the bottom (Dijkgraaf

and Hessels, 1969; Stahlschmidt and Wolff, 1972). Analysis

of osphradial variation and its basis across molluscs is com-

plicated by the fact that the name osphradium has sometimes

been assigned to structures that are clearly not homologous.

The presence of this substantial interspecific variation

emphasizes the necessity of communicating about particular

organisms and sense organs more carefully and, where possi-

ble, more exactly. The limits and bases of variation would

be more easily understood if more authors would include

specific information about the sizes of the actual animals they

studied, as well as the relationship between sense organ

dimensions and body size in the species. Zunke's (1978) study

of the eye of Succinea includes detailed coverage of onto-

genetic variation and, unfortunately, it is unusual in doing

so. Failure to consider intraspecific or ontogenetic variation

can lead to generalizations just as premature and flawed as

those based on too few or atypical species. Autrum (1979)

pointed out that it is clearly a bad habit to speak just of "the
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fly" in scientific writings. Likewise, it can be a bad habit

to speak just of "the littorinid", "the rhinophore" or "the

scallop", depending on what species, system or capability

is being discussed.

Finally, as more comparative data become available,

it should become possible to discard some of the less infor-

mative terms in general use for sensory structures. For ex-

ample, there have existed in the invertebrate literature several

terms for structurally simple eyes. 'Pigment cup eyes' and

'pinhole eyes', which both lack lenses, have widely accepted

definitions based on structural features (see Land, 1981).

However, 'eyespof and 'ocellus' both mean "a very small

simple eye formed in invertebrates." As has so often been

the case in invertebrate zoology, the emphasis seems to have

been on establishing the existence of a difference as com-

pared to the vertebrate eye, rather than on recognizing the

various invertebrate eyes as being distinct structures worthy

of independent study and understanding.

As a relatively new field, many gaps exist in our

knowledge of molluscan behavior and sensory biology. A
clearer understanding would be provided about sensory

capabilities within groups if more species were examined,

and this would also allow more thorough investigation of the

basis of existing variation across species. However, more ef-

fort should also be devoted to completing the data sets for

species about which some information is already available.

In many cases, only data on structure of sense organs or sen-

sory tissues are available from which to draw inferences about

function; obviously the availability of data from electro-

physiological and behavioral studies would be desirable in

such instances. For example, scallop eye structure and elec-

trophysiological responses have received some study, but there

is little understanding of how well they can see or what adap-

tive value vision has in nature. A reasonably complete range

of data are available for only a few cases, mostly involving

species that serve as model systems for neurobiologists. Thus,

future researchers in molluscan sensory biology should be

encouraged to flesh out existing stories, as well as to expand

our understanding of variability within the group by examin-

ing as-yet-unstudied species.
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Research Note

Sperm storage and evidence for multiple insemination in a

natural population of the freshwater snail, Physa

Amy R. Wethington and Robert T. Dillon, Jr.
1
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Abstract. Although a number of estimates are available regarding the capacity of freshwater pulmonates to store sperm after laboratory mating, few

such data are available for wild-collected snails, where the recency of mating is necessarily unknown. Wecollected 35 Physa heterostropha pomilia (Conrad)

from a local population and held each in isolation for 60 days, rearing all egg masses. We then used protein electrophoresis to determine the LAP genotype

of each parent and a sample of its offspring. Five of the parental snails (total 60 day fecundities from 300 - 600 progeny) were found to be homozygous

at the LAP locus yet producing approximately 50% heterozygous offspring. In 4 of these 5 cases, no significant difference was detected in offspring genotype

frequencies over 60 days, suggesting both that mating has generally been recent and that reservoirs of stored sperm are, as a rule, large. In the fifth case,

the frequency of heterozygous offspring increased significantly, suggesting multiple insemination. Multiple insemination and sperm storage have obvious

adaptive significance to colonizing species such as freshwater pulmonates.

The capability to store sperm, especially sperm con-

tributed by multiple partners, has the potential to lessen the

severity of genetic drift by increasing the effective popula-

tion size represented by a small number of survivors or col-

onizers. And the capacity of an individual pulmonate snail

to store sperm can be prodigious. In Bulinus, laboratory

mating has been reported to provide enough sperm to fer-

tilize from 1000 - 2000 eggs up to 4400 eggs, depending par-

ticularly upon the reproductive condition of the snail acting

as female (Rudolph, 1983; Rudolph and Bailey, 1985). In

Biomphalaria, longevity of stored sperm has been variously

estimated as 25 - 68 days (Paraense, 1955), 42 days (Richards,

1973), and more than 100 days (Monteiro et al, 1984).

Vianey-Liaud et al. (1987) reported a mean of about 50 days

with a range from 3 days to 127. Cain (1956) reported some

exogenously fertilized egg production by Lymnaea stagnalis

Say up to 116 days after isolation. All these studies have in-

volved lab crosses with pigment variants (usually albinism)

as a genetic marker. Rollinson and Wright (1984) used

isozyme markers to demonstrate sperm storage up to 70 days

after laboratory mating of Mauritian Bulinus.

The effect of a delay in oviposition by the mother (as

by a severe winter or desiccation on a birds foot, for exam-

ple) has been investigated by Rudolph and Bailey (1985). Ap-

parently Bulinus can store viable exogenous sperm through

a minimum of seven weeks of starvation, eight weeks of low

'Address correspondence to RTD

temperature (10 - 15°C) or four weeks of desiccation.

Rudolph and Bailey (1985) also reported some fairly

strong evidence that Bulinus can store sperm from more than

a single male simultaneously. Although short-lived copulatory

plugs have been described in several pulmonate species,

behavioral observations nevertheless suggest that multiple in-

semination could be common in laboratory situations

(Rudolph, 1979a, b; van Duivenboden and ter Maat, 1988).

Duncan (1959) reported that he had not observed reciprocal

copulation in either Physa fontinalis (L.) or P. acuta (Drap.).

But we have observed both reciprocal copulation and multi-

ple mating behavior in our laboratory populations of Physa,

without genetic markers for confirmation.

Using isozyme markers, Mulvey and Vrijenhoek (1981)

found strong evidence of multiple paternity in clutches of eggs

laid by isolated wild-caught Biomphalaria . It could not be

determined, however, if the sperm used to fertilize these eggs

came from two different exogenous sources, or from a com-

bination of one outcross and selfing. It does in fact seem that

fertilization can proceed with endogenous and exogenous

sperm simultaneously, at least in some situations (Paraense,

1955; Monteiro etal, 1984; Rollinson, 1986). But multiple

insemination has been conclusively documented by Rollin-

son et al. (1989), using stocks of Bulinus cernicus (Morelet)

homozygous for three different alleles at the Gpi locus.

As important as they are, data from lab crosses such

as these do not directly address the likelihood of genetic drift

after a population crash or founder event. A second set of

American Malacological Bulletin, Vol. 9(1) (1991):99-102
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variables is involved: how recently will an arbitrarily chosen

pulmonate snail have mated? On the average, how healthy

and fecund will it be? Rollinson (1986) has performed ex-

periments bearing on this question using several species of

African Bulinus. He isolated individual wild-caught snails

and collected and reared their eggs up to 60 days. He then

examined isozyme phenotype of both parent and offspring

at four polymorphic loci. The large majority of these parents

did lay demonstrably outcrossed eggs, apparently using stored

sperm. Stored sperm was used for at least 41-44 days.

Intriguingly, Rollinson found one Bulinus scalaris

(Dunker) clearly producing offspring from two different

fathers.

The great majority of all observations to date have in-

volved lab matings of the tropical planorbids Bulinus and

Biomphalaria . So to test the generality of the sperm storage

phenomenon in natural populations of temperate pulmonates,

we performed an analysis similar to Rollinson's on a local

population of Physa.

METHODS

Pltysa heterostropha pomilia (Conrad) is a widespread

and variable species, found throughout eastern North America

(Wurtz, 1949; Burch and Tottenham, 1980). Recently Te (1978,

1980) has suggested that this taxon, along with the majority

of North American species, be separated into the resurrected

genus Physella. But we agree with Taylor (1988) that the

distinction between Physella and Physa (s.s.) is more pro-

perly at the rank of subgenus.

Wecollected Physa heterostropha pomilia from a pond

at Charles Towne Landing, a state park within the city limits

of Charleston, South Carolina. The snails did not appear to

be common on this nor on any subsequent trip, and we felt

it possible that individual encounters and matings could be

infrequent in this population. Voucher specimens have been

deposited in the Academy of Natural Sciences of Philadelphia.

For an initial survey of polymorphism, we homogen-

ized 62 snails in a 7% sucrose solution, buffered at pH 7.4

with 0.05 Mtris (hydroxy methyl) aminomethane and H3 P04 ,

to which xylene cyanole had been added as marker. Samples

were centrifuged and horizontal starch gel electrophoreses

was performed on the supernatant using standard techniques

(Dillon and Davis, 1980; Dillon, 1982, 1985). The 14% starch

gels were made of 3 parts Sigma starch: 1 part Electrostarch

and AP6 buffer, diluted 19:1. AP6 buffer is 0.04 Mcitric acid

(monohydrate) adjusted to pH 6 with N—(-3-aminopropyl)

morpholine (Clayton and Tretiak, 1972). Gels were run for

approximately 4.5 hr at 40 volts under refrigeration. They

were then sliced and stained for leucine aminopeptidase

(LAP) using the recipe of Shaw and Prasad (1969).

Two isozymes were found to be segregating in a fashion

consistent with Hardy Weinberg expectation in the Charles

Towne Landing population, at gene frequencies of 0.58 and
0.42. Wehave designated the more common isozyme "LAP
100", and the isozyme migrating 3 mmfaster in our gel con-

ditions "LAP 103".

Wereturned to Charles Towne Landing in May, 1989,

and collected 35 adult Physa, placing each in a separate 10

oz plastic cup of pond water with a plastic petri dish cover.

Wefed them commercial Tetra-Min "Conditioning" food for

plant-eating fish (Jennings et al. , 1970), and changed the water

with fresh, aerated pond water periodically. Each parent was

checked daily and transferred to a new cup when an egg mass

was produced, in a fashion similar to that of Rollinson (1986).

Water was changed once a week for the adults (along with

newly laid egg masses) and once every other week for the

juvenile snails when they had grown to a size at which this

could be done safely.

The experiment was terminated in July (after 60 days),

by which time 29 of the parents had reproduced, some pro-

lifically and others much less so. We then determined the

genotypes of each parent and a sample of early laid offspring

at the LAP locus. Of the 15 LAP homozygotes identified,

four were producing all homozygous progeny and the re-

mainder were producing high frequencies of heterozygotes,

obviously using exogenous sperm. Wedid not find any case

where a homozygous parent was producing entirely hetero-

zygous offspring, as could be expected from a single outcross

to the opposite homozygote. But we selected for further study

the five largest sibships from the 11 including heterozygotes.

We then compared the frequency of heterozygotes in 20 to

30 offspring from the earliest egg masses in these sibships

to a similar sample from the last laid sibships.

RESULTS

Data on the fecundity of these five snails (A through

E) during the 60 day study period are presented in figure 1.

The figure shows the cumulative number of juveniles sur-

viving to countable size. It can be seen that all parents con-

tinued to lay eggs throughout the entire period, although the

rate slowed, especially after day 45. Total viable egg masses

ranged from 15 to 19, and the total countable offspring ranged

from about 300 to 600.

Table 1 shows the frequency of heterozygotes in 20 to

30 offspring of the first laid sibships and the frequency of

heterozygotes in similar sized samples from the last laid sib-

ships. Genotype frequencies were not significantly different

from 1:1 (chi square, Yates corrected) in any of the five groups

of first laid offspring. This is consistent with Mendelian ex-

pectation if each mother had mated with a single heterozygous

father.

Table 1 also shows that in four of the five cases, there

was no significant difference between the genotype frequen-

cies in the first laid sibships and the last laid sibships.
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Table 1. LAP genotypes among the offspring of five parent Physa, first laid sibships compared to last

laid sibships.

Parent LAP
Genotype

Day Number

OI

Oviposition

Number of

Homozygotes

Number of

1UU/ IV j

Heterozygotes

chi-square

A 103/103 4,9 20 15 1.44

JO,OU lo
c
J

p>D inn/inn 7 1 1
1 0 1 7

1 / 0.0 J *

51,52,53,56 2 18

C 100/100 2,8 17 13 0.36

56,57,58 11 7

D 103/103 2 19 15 1.04

44,51,56 9 14

E 103/103 7 13 17 0.13

51,52,56 12 11

**P < 0.01

The one significant value of chi square (contingency test, Yates

corrected) is shown in the offspring of parent B, where there

was an unexpected excess of heterozygotes among the off-

spring laid in the final days of the experiment.

DISCUSSION

Wedo not know whether the total fecundities reflected

in figure 1 overestimate or underestimate production by a

single Physa founding a new population in the wild. On the

one hand, we attempted to provide food in excess and pro-

tected the juveniles from predation. But competition among

juveniles could have been an important factor in our plastic

cups, especially on occasions when as many as three egg

masses were laid overnight.

Although it can be seen that all parents continued to

lay eggs for the entire 60 day period, there was a reduction

in the number of viable embryos per egg mass through time.

For example, the last three egg masses laid by snail E, on

days 57, 58, and 60, contained no viable embryos at all.

Qualitatively these results are similar to those obtained by

Fig. 1. Cumulative 60-day fecundity (offspring surviving to countable size)

of the five Physa examined for sperm storage.

Duncan (1959) with English Physa fontinalis, although

P. heterostwpha pomilia fecundities seem to be higher. As

previous work suggests a gradual shift from exogenous to

endogenous sperm (Paraense, 1955; Cain, 1956), we initial-

ly interpreted this observation as evidence of depleted sperm

stores. But Table 1 shows that after 60 days and as many as

600 offspring, none of these individuals seems to have ex-

huasted its reservoir of stored sperm. In retrospect, our deci-

sion to terminate the experiment was premature.

The excess of heterozygotes observed among the pro-

geny of parent B is not easily explained as the result of a single

pair mating. If the offspring were fathered by a single hetero-

zygous individual, one would expect a 1:1 ratio of homo-

zygous to heterozygous progeny. This is indeed the ratio

observed in all early sibships, laid on days 2 through 11 (Table

1). But the sample of snail B progeny from days 51, 52, 53,

and 56 contained 18 heterozygotes and only 2 homozygotes,

very significantly different from 1:1. Even combining all 53

progeny examined from parent B, one still obtains a signifi-

cant excess of heterozygotes (goodness-of-fit chi square =

4.79). Nor can these results be explained by a single cross

to a homozygous father, as no homozygous progeny would

have been expected at all. To argue that self fertilization played

any role, one would need to postulate that parent B was at

least partly self fertilizing to start but increasingly shifted to

exogenous sperm as the days in isolation passed, quite counter

to all previous observations on other pulmonates.

By far the most likely explanation for the results from

parent B is multiple insemination by both a heterozygote and

a homozygote for the opposite allele. The first eggs seem to

have been fertilized by sperm from the former, and the last

eggs by the latter, in a fashion similar to that inferred for

Biomphalaria (Mulvey and Vrigjenhoek, 1981) and well

documented for Bulinus (Rudolph and Bailey, 1985; Rollin-

son, 1986; Rollinson et al., 1989). Clearly more work is

called for, possibly using multiple loci as markers for dif-

ferent parents. But if multiple insemination is in fact
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widespread, individual pulmonate snails surviving coloniza-

tion events, hard winters or severe storms could potentially

represent a great deal of genetic variation indeed.

Given the apparently large capacity Physa hetero-

stropha pomilia displays for sperm storage, it would be in-

teresting to see how frequently an average snail mates, and

in what capacity. The great majority of freshwater pulmonate

species show either simultaneous development of both

reproductive tracts, or are slightly protandric (Russell-Hunter

and McMahon, 1976; Rudolph, 1983). The male organs

develop before the female organs in P. fontinalis, although

environmental conditions in the wild do not in general favor

mating until both organ systems are mature (Duncan, 1959).

It is not clear whether fully mature pulmonates of any sort

prefer to mate as a certain sex, whether a snail's sexual role

can change with size or sperm stores, or how often snails

switch roles in single encounters. Multiple insemination in-

troduces questions of sperm competition and sperm "shar-

ing" (Monteiro et al, 1984; Vianey-Liaud et al, 1987).
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